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FACTORS FOR CONVERTING INCH-POUND UNITS TO INTERNATIONAL SYSTEM (SI) OF
METRIC UNITS

A dual system of measurements--inch-pound units and the International
System (SI) of metric units--is given in this report. SI is a consistent
system of units adopted by the Eleventh General Conference of Weights and
Measures in 1960. The conversion factors for terms used in this report are
as follows:

Multiply inch-pound unit B To obtain SI unit

acre 4,047 square meter (m2 )

inch (in.) 25.40 millimeter (mm)

inch per day (in/d) 25.40 millimeter per dav (mm/d)

foot (ft) 0.3048 meter (m)

foot per day (ft/d) 0.3048 meter per day (m/d)

foot per year (ft/yr) 0.3048 meter per year (m/year)

foot squared per day (ft2/d) 0.09290 meter squared per day (m2 /d)

mile (mi) 1.609 kilometer (km)

square mile (mi2) 2.590 square kilometer (ks
2)
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METHODS AND APPLICATIONS OF DIGITAL-MODEL SIMULATION OF THE

RED RIVER ALLUVIAL AQUIFER, SHREVEPORT TO THE

MOUTH OF THE BLACK RIVER, LOUISIANA

By A. H. Ludwig and J. E. Terry

ABSTRACT

The Red River Waterways Project of the U.S. Army Corps of Engineers

provides for the construction of a series of locks and dams on the Red River

from the Mississippi River to Shreveport, La. The locks and dams will cause a
permanent rise in the level of the river, creating changes in the ground-water

flow system. The U.S. Geological Survey, in cooperation with the Corps and

the U.S. Soil Conservation Service, began an investigation in 1968 to study

the effects of the planned navigation pools on the ground-water flow regime.

The Red River downstream from Shreveport flows through an alluvial valley

that ranges from 2 to 12 miles (3.2 to 19 kilometers) in width. Along the
thalweg of the valley, the alluvium ranges from 75 to 200 feet (23 to 61

meters) in thickness and is composed of a silt and clay layer, underlain bv a

coarse sand and gravel aquifer. The aquifer is hydraulically connected in

varying degrees to the Red River and its major tributaries.

The methods used in the investigation involved digital modeling of steady-

and nonsteady-state conditions. The nonsteady-state model, utilizing a program

called SUPERMOCK, was designed to simulate transient stress and response in a

ground-water flow system that includes a water table in a confining laver

above an artesian aquifer. The steady-state model, utilizing a program called
GWFLOW, computes the head response in an aquifer due to various boundary

conditions.

Principal data requirements for the models include climatic data, defini-

tion of the hydraulic characteristics of the upper confining layer and aquifer,

water-table levels in the upper confining laver and potentiometric levels in

the aquifer, and stream-stage data for the Red River and its tributaries.

In addition to the simulation models, several computer programs were

developed to aid in preparation of data and in the calibration of the model.

The programs were designed to compute the harmonic-mean water level at each

observation well (AVERAGE), compute the harmonic-mean conductivity for layered



materials and the potential upward movement of water due to evapotranspiration
at the land surface (ATMOFLUX), compute daily evapotranspiration (POTEET),
provide main-stem and tributary stream-stage data sets for the nonsteady-state
model (RIVCHANCE and TRIBCHAN;E), and to compute the change in the rate of
evapotranspiration due to a change in protentiometric head (DELETDELH).

Calibration techniques unique to each of the models were developed for
the investigation. The calibration procedure for the nonsteady-state model
involved reproducing, by manipulation of model parameters within plausible
limits, observed water-table and potentiometric levels while maintaining
reasonable limits on the rate of accretion to the aquifer.

INTRODUCTION

Background of the InvestigaLion

The Red River Waterways Project of the U.S. Army Corps of Engineers was
authorized by the 90th Congress in the Rivers and Harbors Act of 1958. Project
plans include a 9- by 200-foot (2.7- by 61-m) navigation channel, beginning at
the confluence of the Red and Mississippi Rivers and winding northwestward
along the present course of the Red River to Shreveport, La. From Shreveport
the channel will follow Twelvemile and Cypress Bayous to a point in Lake 0'
the Pines Reservoir near Daingerfield, Tex. (fig. 1). A series of eight locks
and dams will be required to provide the navigation depths and the necessary
225-foot (69-m) lift from the Mississippi River to the head of navigation.

Tile natural ground-water flow system in the Red River alluvial valley
will be altered by the formation of navigation pools except at locks 7 and 9,
which are to be built into existing dams on Caddo Lake and Lake 0' the Pines.
Predominant effects of the navigation pools on the ground-water regime will he
a rise in water levels and changes in the ground-water flow pattern. In April
1963, at the request of the Corps of Engineers, the U.S. Geological Survey
began a preliminary study of the preconstruction and postconstruction ground-
water conditions. The study characterized, using available data, the existing
ground-water conditions in the valley and provided steady-state projections of
the effects of proposed navigation structures on ground-water levels. The

projections were made with the aid of an analog model.

In 1968 the Corps requested that the Geological Survey refine the projec-
tions made in the earlier study and that a continuing ground-water data-
collection program in the Red River Valley be established. The study area was
the alluvial valley from the confluence of the Red and Black Rivers to Shreve-
port, La., a distance of 241 river miles or 388 km (fig. 2). The Corps of
Engineers considered several arrangements of either five or six locks and dams
within this reach of the river. An arrangement of five locks and dams, known
as the B-3 modified plan, was considered the most feasible plan of construction.

The effects of increased river stages, caused by the formation of naviga-
tion pools, on the ground-water regime were projected for steady- and nonsteadv-
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state conditions. The steady-state change in potentiometric surface was
projected from the average postconstruction river stages. Nonsteady-state
projections, used to determine the effect of the project on agriculture,
were made for specific periods within a typical calendar year. Because of
the size of the project area and the complexity of the flow regime, digital-
modeling techniques were used.

Results of tile steady- and nonsteady-state analyses for each of the
five lock-and-dam areas were provided to the Corps of Engineers, 1975-76, in
a series of five administrative reports that were later released to the open
file (Ludwig, 1979a, b; Ludwig and Reed, 1979; Ludwig and Terry, 1979a, b).
Average depths to the water table for specific periods of interest were
prepared for the U.S. Soil Conservation Service on punched IBM computer
cards. Basic-data reports containing ground-water quality analyses (Ludwig,
1974) and ground-water levels through June 1975 (Stephens, 1976) were pub-
lished as open-file reports.

Purpose and Scope

The purpose of this report is to describe the methods used in the study
and to show their application to the Red River Waterways Project. The dis-
cussion is intended to be sufficiently detailed that the reader can obtain a
basic understanding of tile methodology employed in the study. The discussion
covers (1) development and management of the basic-data network and the types
of data collected, (2) conceptualization of the geohydrology of the study
area, (3) descriptions of predictive models used and data requirements of
the models, (4) presentation of peripheral digital-computer programs used to
generate or manipulate data for use in the models, (5) calibration of the
models, (6) descriptions of output from the models, and (7) possible utiliza-
tion of the calibrated Red River models for other uses. Examples of program
input and output (taken from analyses of Lock and Dam 3 area) are shown.

DATA COLLECTION

The objective of tile data-collection program for the Red River study was
to obtain the data necessary for the determination of the hydrologic charac-
terics of the flow regime in the Red River alluvium and the climatic factors
and agricultural practices which affect it. To accomplish these objectives,
work activities were divided among the participating agencies as follows: The
Geological Survey mapped the principal hydrologic boundaries, inventoried
existing wells suitable for periodic measurements, drilled test holes and
installed observation wells, analyzed samples of alluvial material for
hydraulic conductivity and grain size, installed and operated a series of
surface-water gages on tributary streams, and analyzed ground-water samples
from selected wells for chemical constituents. The U.S. Soil Conservation
Service installed shallow piezometers at observation-well sites, monitored
crop-observation plots to establish the relationship between yield and soil-
moisture conditions, mapped soil profiles, inventoried land-use practices,
and measured water levels in the network of Geological Survey and Soil
Conservation Service observation wells and piezometers. The Corps of Engi-

5



neers provided average preconstruction and postconstruction stage profiles
of the Red River to be used in developing input to the steady-state model.
The Corps also provided time-variant preconstruction and postconstruction
stage data in the form of 5-day averages at 2-mile (3.2-km) increments for
the period December 1967 to September 1973 for the entire reach of the Red
River in the project area.

The test-drilling program conducted by the Geological Survey was com-
pleted during a series of field sessions from 1968 to 1971. Approximately 350
test holes were drilled in the valley, from Shreveport to the mouth of the
Black River. Test holes were drilled with solid-stem power-auger drilling
equipment, and soil samples were collected at selected depths for analyses of
hydraulic conductivity and particle-size distribution. Most of the test holes
were drilled and logged through the entire alluvial section and into the
underlying Tertiary bedrock. The test holes were cased with lit-inch (32-mm)
galvanized-iron pipe and screened with 3-foot (0.9-m), 60-gage well screens.
The screens were set opposite coarse sand and gravel at depths ranging from 20
to 140 ft (6 to 43 m) below the land surface. The locations of the observation
wells are shown in figures 3A-E.

In the vicinity of the proposed construction sites and along the river,
the wells are more closely spaced in anticipation of greater variations in
water levels in these areas. At greater distances from the river, fewer wells
are required. The amount of pumpage from the alluvium is small; therefore,
where little change was expected, the data from a particular well could be
extrapolated over a relatively large area. The density of wells ranged from
one well per square mile (2.6 km2 ) in the vicinity of the locks and dams to
about one well per 3 mi2 (7.8 km2 ) elsewhere in the valley.

Shallow piezometers were placed adjacent to most of the observation wells
to obtain data on the position of the water table in the upper confining
layer. The piezometers consisted of lengths of 3/4-inch (19-mm) galvanized-
iron pipe, driven into the ground to selected depths ranging from 1 to 20 ft
(0.3 to 6.1 m) below the land surface. The lower end of the pipe was left
open to the soil to allow movement of water into and out of the pipe. Two to
five piezometers were installed at each observation-well location, depending
on the variations in lithology in the upper section.

Water-level oeasurements in all observation wells and piezometer tubes
were made monchly by Soil Conservation Service personnel. Digital recorders
were installed on 16 wells in the study area. Fourteen of the wells were near
the Red River to provide daily water-level data for the computation of aquifer
diffusivity. In addition, water samples were collected from all of the
observation wells at the time of installation and from many piezometer tubes
and analyzed for chemical quality.

Stream-stage data were collected from a network of 45 continuous recorders,
staff gages, and wire-weight gages (figs. 3A-E). Most of the gages were part
of the regular surface-water data-collection network operated by the Geological
Survey and the Corps of Engineers. However, 14 additional gages were installed
at intervals along tributary streams between existing recording gages and on

6
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lakes in the valley. These gages provide supplementary data for tile determina-
tion of stream profiles. Climatic data, including maximum and minimum daily
temperature and daily precipitation, were obtained from five National Weather
Service stations in and near the valley (figs. 3A-E).

MODELING THE HYDROLOGIC SYSTEM

Conceptual Model

The Red River flows southeastward through central and northwestern Loui-

siana. From Shreveport to the vicinity of Marksville, the river is confined in
a valley ranging from 2 to 12 mi (3.2 to 19 kin) in width. The uplands bordering
the valley rise as much as 150 ft (46 m) above the general level of the vallev.
Downstream from Marksville, the Red River Valley and the Mississippi River
vallev merge to form the broad Mississippi River alluvial plain. The flood
plain is characterized by very low relief, meandering stream courses, oxbow
lakes, and other alluvial features. The dominant features are natural lvees,
which form the topographic highs, and backswamps, which are the topographic

lows. The natural levees rise from 10 to 20 ft (3 to 6 m) above the adjoining
backswamps. Natural levees occur along abandoned channels of the Red River
and on tributary streams, as well as along the presm,!t course of the rivr.

Elevations in the valley range from 40 ft (12.2 m) above mean sea level
(now generally referred to as National Geodetic Vertical l)atum of 1929), near 
the confluence of the Red and Black Rivers, to 170 ft (52 m) above, sea level,
at Shreveport.

The average annual precipitation in the valley ranges from 57 in. (1,448
mm), at Alexandria, to 43 in. (1,092 mm), at Shreveport. Tht, greatest precipi-
tation generallv occurs in April and May, and the least in SeptTmber and
October. The climate of the area is classified as humid; that is, precipitation
equals or exceeds potential evapotransp i ration. Favorable. climatic condit ions
and rich soil support abundant vegetal growth. In general , row crops, prin-
cipallv cotton and soybeans, are grown on the. nattural levCes. The lower
level,s of the natural lWees art use'd main I \ for pastutre or 5o\' iWtalnS, a|lld ie

backsw;|mp areas arc mostlv forested.

Formation- of Tcrtiarv age under lie the vallev alluvium and crop out
along the vallev walls. The beds are composed primarilyi of 'li\, hiit locillv
they contain sand lelses. 'he' beds form a nearlv impermeahl, boundlv to t in

alluvial aquicr. In many places, Pleistocent terract dlposits o\,crl ic th
'lertiarv deposits in the upland. lii terrace deposits, which art, rimnant ,
older and hightr flood plains of the Red River, are mnot prevalent ill i,'

lower end ol the vallev, where thev art as much as 20()t t ((1 it) T hicy Pw
Marksville Prairie is a terrace remnant in the kd River flood pla in'. ic
terrace deposits are composed of a het e rogtneous i ltil >ntt, s ilt , ,ll

clay. (;ravel layers occur in th terract deposits lAnid locall ' are h, ouk i.

of large quantities of water.
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The alluvium in the valley generally ranges from about 75 ft (23 m) in
thickness, in the upper end of the area, to about 200 ft (61 m), downstream
from Marksville. The alluvium can be divided into two segments: a lower unit
or aquifer, which is composed of coarse sand and gravel grading upward to fine
sand, and an upper confining layer, which is composed of clay, silt, and fine
sand. The upper confining layer averages about 30 ft (9.1 m) in thickness and
ranges from a few feet to 140 ft (43 m). Tile aquifer ranges from 5 ft (1.5 m)
in thickness beneath some channel-fill and backswamp deposits to 150 ft (46 m)
in the lower end of the valley. The thicknesses of the two segments vary from
place to place. Differences of as much as 100 ft (30 m) in the thickness of
tile upper confining layer within short distances have been noted in Lock and
Dam I area. To a lesser extent, variations in thickness occur at many places
in the valley, primarily as the result of fine-grained deposition in former
channels of the Red River.

Throughout the Red River Valley, the Red River and its major tributaries
are hydraulically connected in varying degrees to the Red River alluvialaquifer. Therefore, changes in stream stages resulting from the construction

of the proposed locks and dams would induce similar changes in the potentio-
metric surface of the aquifer. The potentiometric surface refers to the level
to which water will rise in wells tapping the aquifer. Also, throughout the
Red River Valley a water table exists as the Lipper surface of the zone of
saturation in the fine-grained material above tile aquifer. The altitude of
the water table at any point is a function of the transient flow through the
fine-grained material above the aquifer and the transient head in the aquifer.
Therefore, induced changes in the position of the potentiometric surface would
indirectly cause changes in the position of the water table.

Kainfall on the flood plain is the primary source of recharge for tile
alluvial aquifer. Moisture reaches the aquifer indirectly by infiltrating the
fine-grained material in the confining layer above the aquifer. An unknown,
but probably very small, amount of recharge is derived from the formations of
Tertiarv age that underlie and flank the valley. Most of the water moving
downgradient through the terrace deposits is discharged into the tributarv
streams that flow along the margin of the vallev.

Water levels in most wells tapping the aquifer rise above the base of
the fine-grained material overlving tile aquLifer, an indication that the water
is under confined or semiconfined conditions. A zone of sat uration in the
Uipper fine-grained material, extending from near the land surface down to the
aquifer, indicates the presence of water-table conditions . "Thest, two con-
ditions exist simultaneouslv because of the great difference in hvdraulic
conductivitv between tile fine-grained material overlying: the aquifer and the
aquifer itself. The pus ition of the water table may be either above or below
tile potentiometric level in tile aquifer, as ref1ected by the direction of the
resT tant vertical flow in the, fine-grained material between thie water table
and the top of the aquifer. Accretion, as del inid by Stal lman (lqh) , is the
rate at which water is gained or lost through the aquifr surface in response
to precipitation and evapotranspiration. Positive accretion or recharg-e takes
place where the we'rtical hvdraulic gradiitnt is downward. Convrselv , negat iwy
accretion or discharge takes plate where the vertical hydrnaul ic trditnt is
upward.



The natural movement of water in the alluvium is toward discharge points

along the Red River and its tributaries in the valley. Because pumpage of
water from wells is not significant, water levels in the alluvium fluctuate in

response to seasonal variations in precipitation, evapotranspiration, and to

changes in river stage.

The recharge, movement, and discharge of water from the alluvial aquifer

are shown graphically in the idealized section in figure 4. The direction of
water movement, indicated by arrows, shows that the aquifer is being recharged

in zone I where the gradient is downward through the clay and silt. Discharge

takes place to the Red River and vertically upward in zone 2. The flow con-
ditions shown in the diagram may change. At any given location, the rate of

accretion is neither constant nor in the same direction at all times. Seasonal

weather changes, changes in river stage, and pumping may cause variations in
the magnitude and direction of water movement in the aquifer.

Zone 2 Zone I

00

3 4 KILOME7ERS

E XP L ANA T 1O0N

Clay and silt Sand and grovel Sand Tertiory rocks

Potentiometric Water table Indicates direction of
surface water movement

Figure 4 -Ide hized hydroqeologic .ocjlon ot the i od PHir
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Digital Model

Irwo tv '-; of d i i tal Models Were USe'd ill the alye. A stea';dy-stalte

model, 6tI'LOtV (Red inger and others , 19 73 ), was used t o 1irov ide p ro icct i ns. o I
C h ans in4L' theIL'I potenlt omle t r i Csun7 a Ce. A nonsteady-state model , SUPlERNl1CK
ReeLd an1d Others, 1976) , wa1s ulSed to 5 imillate I 1lltie t ilS Oti OW the head ill thet

aq u .i fe r and theC water ah le . For purposes Of1 aia l's is, thle projlect a r(-a was
d iv ided in[to01I\( ive ovrap 1 jug1 mode,1101l a reas . Fach airea; conta ined one or niort' of

tie propose,.d bc k-and-dam eonstIruct ion s ites. Tlhese a reas art, i dent i f it'd hv
referri jug to a1 pa rtiClar lock-and-dam area (figo. 2). To a idc the Corps" of
Engineers in doecrulin ing the bc'St allrangementl Of locks and dams, stcad\'-state,
analyses were, run for all ailternate plans,, including the B-3 mod ifled plaln.

Spec it i eat iots, I-or dam localtionIs and pool L'eevations, for Lte pLans c-otistie~red
alre shown'l int tahie 1. The0 nonst eadv-state model was used to make proicet ions'-
for the B- 3 Mod ified plan1 on lV.

ilIte f~rame1work focr t0l0 d igital m1odlCs eons 3 ste'd if aI rctanllllar grid of

34 rowss and 81) columns SupeLr iMp)osed on a map of the area having4 a seleof

,I: 62, _)0. The1 paC n he'tWeeLn each) jit Orsect ion (node0) in tie .,,rid roprcsL'.nltd
aI ciiStanoC Of 0.) mli (11.8 kini). Th-is, oath model rep~resented a1 17- hv 4 1 1-mi It'
(27- I1w 64-kini) at-rca. 11vc sue h 11odel iswere ilSc'LI, eci repi-rc'sen ti3ng aI lotk-
and-d am a rea , to eove'r t1e 19)-nt i It' ( 31)-km ) reach(-I Lif nay i gat i oti CiAnne0 i i1

t he s t ud a rea (igs 2, 3A- E)

lilt' toXalTlo~lS ulsed inl ti i re-port to i Ilust tatc Ltic van iiiis moldel inuit."s
and it tints, are t akc'n front thte anaZ tVs is ofLock anti 1)aiii 3 a tea. Thel I tih I i

and al pliainer 1 c maps cml) loved are reptcs't t i oins Of the mo1deled are; tao ik-
svinbol or f ihirt, represetts a aueb grid t'(cjltrpsesanra
0 . 5 hv 01. m i , o r 0). 8 bv 118 kill)

To provide I dc or c'ont itnui t\ ij timodel itig tOtc out ite nay i pat ion reacht, tic',

models wereC des i gnocl to intc Ilde ain area 01 ove rlIap1 onl te aci0 ljACetit mIodel

Adjacent nilOcils were overlapitcc ia minitin tli diStan1cO equiva1(let to 6 mi ('). 7

kin) . 'l is ovS OL a i (led in tltc' j deii t i f icat i onl Of 't-rors ;1tss0e i a1 to i wt 11 MOcI'lI

houndarv cond it: ions anti LtiMiiled tile 1)rc'para t i on o 1 a comp letc' sit i It, of dat a
for the nav igatLion. rechel. As tiC' Model f IOr ald 1atccut areaL"s were, anal7 ,- od , tlie

datai d'VClopecCI for areasl- COMONtii~ to 0alth mttodel t'c'rc' eti~t i noi and compa td to

cietermiince t11t C'Xtc't Of holttndarV Cf fc'C. fo o h1( oudari es parallIt' to theC

r j Vc'r were' p ICOcI alt a ci istLanCO'I r cI 1 it0i f1ot Iic'r i vc'r so thlt L tc' eC (It cCt

01t r iVC't- i ndu1cc'd wa t er- I cVCc elan pi's wou Id not e0\tenrd to0 t he hoiUld Ar i t's

Nonstc';dv State

Non-tristecl-s-tate, attak-ls for the inIves't Wer pa jm c'c'mde 1w Ilitsi tree

diita il provraims Cal it'd SlUPERIfOCK , I)''EtII YI)RiC (INL'cd and ot it 7,1 6

whicjel werce dc'veloted patIiuti ar Iv for- t i stuidv . Sll'ERMOCK wais do"s i t" ited to

s imulakte t rans ien t s trc'ss; and risp)Oti so in a g round-wat Cr flow s vs tem that
no1LIcS a1 wa tCt tah lc in thIt confining l aver abov' an anti's ian ;upu li f C'r . The'

miode' I i ticorporalc's all th couit~tctt 5 ) tt'si he flwfIul S''KM1I
mocl'Is thItee 'ompouitnnt I avers : aI so)i 1-mo i! suru'-;accotn t il tgC'omponcL'nIt , a1 ve't i( cal-

f low compo~ne'ntI anti a) in r i zIt ;t 1-f Iow i'OMIni)ti'T"t (I i p. D). ATE assL i puscaluia



Table 1.--Specifications for lock and dam arrangements studied in thle

investigation

Pool elevation
Plan designation Lock and dam River mile (feet above mean

number (1967 mileage) sea level)

Project document ------------- 1 44 40
2 87 60
3 152 95
4 206 115
5 243 135
6 270 150

Group A, plan 1 -------------- 1 44 40
2 87 65
3 145 95
4 206 115
5 243 135
6 270 150

Group A, plan 2,-------------1 44 40
2 87 60
3 137 90
4 195 115
5 243 135
6 270 150

Group A, plan 3 ------------- 1 44 40
2 87 65
3 145 90
4 195 115
5 243 135
6 270 150

Group B, plan 1 ------------- 1 44 40
2 87 65
3 145 95
4 206 120
5 250 145

Group B, plan 2 ------------- 1 44 40
2 87 65
3 145 90
4 195 120
5 250 145

Group B, plan 3 ------------- 1 44 40
2 87 60
3 137 90
4 195 120
5 250 145

Group B, plan 3 1 44 40
modified ------------------ 2 87 58

3 137 87
4 185 115
5 243 145
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Model
component Stress

Response and
function

Precipitation,
infiltration,
and evapotran-

' spiration

Soil-Moisture-Accounting
Component

Changes in
soil Computes changes in

moisture soil moisture and re-
charge to and from
water table

Recharge to and
discharge from

water table

Vertical-Flow Component

Changes in Computes water-table
storage and altitude

head

Accretion to
aquifer

Horizontal-Flow
Component Changes in head in

Changes in fully penetrating
storage and Computes accretion to streams

head aquifer and potentio-
metric surface Pumpage

Figure 5.--Relation between soil-moisture-accounting, vertical-flow, and
horizontal-flow components of SUPERMOCK program. (From Reed
and others, 1976.)
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- DRN-

This parameter defines the maximum drainage rate for soil , in inch,s p-r

dav. It controls the amount of inf il tration, or rechargc, to the .water

table when an excess in soil moisture is available. A value of 10.0 in/d

(254 mm/d) was used in the Red River models.

- SWF -

This parameter clef ines tile suction (tension) of the soil at Iield capacity,

in inches. The value used in the Red River models was 120 in. (3,050
mm). This is a typical value for soils in th project area and was

obtained from the soils literature.

- RI;F -

This parameter defines the ratio of wilting-point tension to tension at
field capacity (dimensionless). Tie value used in the Red River model 
was 40.0. This value also was obtained from the soils literature and is
a typical value for the project area.

- SMSM -

This parameter defines the maximum amount of water, in inches, that can
be held in surface-moisture storage. The value for SMSM was obtained 1v

a calibration process in which observed hvdrographs at control wells wri
compared with computed hvdrographs at the same locations. A value of 1.()
in. (25.4 mm) for this parameter was used in the Red Rivcr models.

- XNOR>I -

This dimensionless parameter defines the limits of the rechar, c rate. t

was set to 3 in all models of the Red River. This value allows the
recharge rate to range from zero, for SMS . 0. 5x(SMTSM), t,- 0. I 5x(DRN),
for SMS=SMSM.

The value of each of these parameters was held constant for tihe ent i r, model
and was entered to SUPERMIOCK on a data input card.

The stress on the soil-moisture-account ing component is tie da i lv differ-
ence between precipitation and potential evapotranspiration which is input to
SUPERMOCK on cards. Mien the stress is positive, infiltration to soil moisture
is computed as a function of precipitation in excess of evapotranspiration,
the amount of moisture already in storage, and the hvdraulic properties of the
soil. Infiltration, or positive downward flux, is computed by tile riodel,
using a modified version of a routine from a model by Dawd , I,ichtv, and
Bergmann (1972, p. B5-B8). This routine, which uses 5-minrte r,'inf hll 'riods,
was modified to correspond to the 1-day rainfall periods used in this mod 1.
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Overland runoff, or infiltration residual computed in the routine of Dawdv,
Lichty, and Bergmann (1972), was dropped from the soil-moisture-accounting
procedure in SUtPERMOCK. Due to the 1-day rainfall period, it was necessary to
impose an upper limit (SMSM), as previously mentioned, on soil-moisture
storage because redistribution of moisture occurred only once each day. The
value of this limit used in the Red River models was I in. (25.4 mm). Because
the surficial material of the Red River alluvium is generally fine grained, a
limit of soil-moisture storage of 1 in. (25.4 mm) is reasonable. Evapotrans-
piration, or negative stress, is subtracted from soil-moisture storage up to
the amount of water available. When soil moisture is reduced to zero, evapo-
transpiration is derived from ground-water storage in the water-table zone in
the confining bed until soil moisture is replenished from rainfall.

The vertical-flow component in SUPERIOCK computes the elevation of the
water table in the fine-grained material above the aquifer a., a function of
the elevation of the water table in the preceding time step, the elevation of
the potentiometric surface, and recharge from the soil-moisture zone. By use
of this water-table elevation, flow to or from the aquifer can oe determined
and used by the horizontal-flow component. SUPERNOCK computes the redistribution
of soil moisture (recharge) to the water table as a decaying exponential
function of soil moisture throughout the range from 1 to 0.5 in. (25.4 to 12.7
mm). For soil moisture less than 0.5 in. (12.7 mm), SUPERMOCK sets recharge
to the water table to zero. Initially, the model takes evapctranspiration
from soil moisture and then from ground-water storage in the upper confining
layer after soil moisture is depleted. The limit on evapotranspiration from
ground water is the steady-state rate of upward movement of water, as deter-
mined by the method of Ripple, Rubin, and van Hvlckama (1972). ATMOFLUX, a
peripheral data-preparation program developed for the investigation, was used
to compute these data. ATMOFLUX uses a method requiring a specified relation
between unsaturated hydraulic conductivity and soil suction (Ripple and others,
1972, p. A6, eq. 10). Two parameters of this specification, n, an integer
soil coefficient, and Sl2 , soil suction at which the unsaturated conductivitv
is one-half the saturated conductivity, are used to express the limiting
steady-state evapotranspiration in a nondimensional form. Values of n,
ranging from 2 for clays to 5 for sands, and values of S12, ranging from I for
sands to 2 for finer materials, were used in this study. Output from ATMOFLAX
includes punched cards containing values of evapotranspiration divided by
saturated hydraulic conductivity for depths to the water table ranging from 1
to 30 ft (0.3 to 9.1 m) for four ranges in hydraulic conductivity associated
with each soil coefficient, n. These pnched cards are used as input to
SUPERMOCK. The actual limiting rate 01 evapotranspiration used by SUPERMOCK
was obtained by multiplying the computed upward rate associated with depth to
the water table at a particular time by the saturated htvdraulic conductivity
of the upper segment (HCU) of the upper confining laver in a particular subarea.
The method of Ripple, Rubin, and van HlvIckama (1972) assumed bare so il and
moisture transport to the land surface. Practicallv All the Red River project
area is covered by vegetation. Iherefore, moisture transport was calculated
to the base of the root zone.
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The horizontal-flow component in SUPERMOCK computes the transient eleva-
tion of the potentiometric surface in the aquifer. In the Red River models,
the stresses on the aquifer that were simulated included the imposition of
time-variant stream stages for the main stem of the Red River and its major
tributaries and accretion, which is computed by SUPERMOCK as a function of the
water-table elevation. Wqhere a computed water table does not exist, the model
uses infiltration, or recharge, from the soil-moisture zone as accretion to
the aquifer.

The time-step increment used in the nonsteady-state analyses of the Red
River models was 10 days. Time-variant stream-stage and climatic data were
used as input, and the potentiometric surface and water-table elevations at
each node in the grid were computed for each time step.

Calibration of the nonsteady-state model was based upon preconstruction
stream stages and comparisons of computed and observed hydrographs at observa-
tion wells. After calibration, the model was used to compute postconstruction
elevations of the potentiometric surface and water table. Postconstruction
output was based upon the imposition of postconstruction stream stages on the
main stem of the Red River. The availability of the time-varying elevation of
the water table allowed the computation of average depths to the water table for
specific periods of interest requested by the Soil Conservation Service.

Steady State

Steady-state projections of the postconstruction potentiometric surface
in the Red River alluvial aquifer were made using techniques developed during
similar studies in the Arkansas River vallev (Bedinger and others, 1970).
During the Arkansas River study, these techniques were applied to analog
modeling. For the Red River investigation, these techniques were incorporated
into a digital model called GWFLOW (Bedinger and others, 1973). GWFLOW is a
two-dimensional representation of an aquifer.

The principal data needs of the GWFLOW model for use in steady-state
analysis are transmissivity of the aquifer, the ratio of change in evapo-
transpiration to change in aquifer head (AET/AH), change in stream stages, and
thickness and hydraulic conductiviy of streambed material. To determine the
change in head at any point in the aquifer resulting from a change in river
stage, the initial potentiometric surface on the stream boundaries is the
change in river stage and is zero at all other nodes in the aquifer.

In the steady-state models of the Red River alluvial aquifer, trans-
missivity was varied over the modeled area, and AET/AH was entered as varying
by discrete subareas. The method used to determine values of AET/AH is dis-
cussed later under "Preparation of Digital-Model Input" and "Calibration of
Models." Stress on the models was imposed at appropriate stream nodes as
changes in stream stage from preconstruction to postconstruction conditions.
The direct effects of changes in stage for streams with partial hydraulic
connection were simulated by applying nonuniform streambed thickness and
holding the hydraulic conductivity of the streambed material constant. The
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values of AET/AH have a definite controlling effect on the magnitude of chang!e
in the potentiometric surface and on the area of influence of stream-stage
change.

Time-step increments for GWFLOW were based on computation times entered
on cards. The computation times used in the Red River models, which were
those that were recommended for GWFLOW, ranged from 0.00130 to 40,000 days in
logarithmic increments. Although analyses indicated that most of the water-
level changes had taken place in the first 2-3 years, computation times were
extended to 40,000 days to insure complete equilibrium. Primary uutput from
the models consisted of changes in the potentiometric surface at each node in
the 0.5-mile (0.8-kin) grid. This output was used to contour changes in the
potentiometric surface in the aquifer resulting from an increase in river
stage.

PREPARATION OF DIGITAL-MODEL INPUT

Preparation of input data for use in the GIWFLOW7 and SUPER Or)CK models
involved the collection and manipulation of field data. Some of the data
required, and also the data format, are common to both GWFLOW and SUPERMOCK.
However, because of the greater complexity of the SUPERMOCK model, more detailed
and varied types of input were required for it than for the GINFLOWl model.

Several lata-preparation computer programs, hereinafter termed "peripheral
programs," were developed during the investigation to process data required by
the models. These programs will be discussed in the following sections.
Source listings and data-input requirements of these peripheral programs are
included as attachments at the end of this report.

Some of the data read into GWFLOW were dependent upon parameter values
determined during the calibration of the nonsteady-state model. Therefore,
nonsteady-state analyses for each lock-and-dam area were made before the
corresponding steady-state analyses for that area. For purposes of discussion,
preparation of data for the two models will also be discussed in that order.

:onsteady-State Model

Varied types of data were prepared for entry into the nonsteady-state
model in order to adequately define the flow field. Most of this input is in
the form of alphameric maps that are representations of the modeled area.
Many of these maps are outputs from the peripheral programs mentioned previously.
The primary data input to the model are depicted in the generalized flow chart
in figure 6.

Root Depth

Root depths of vegetation are key factors required by SUPER lOCK in
determining the effective depth to the water table for computation of evapotrans-
piration. Evapotranspiration is modeled as depleting the moisture content in
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tie soi I layer between land surf ace and the base of the root zone. I'pward
tI ow from the water table occurs as a response to this surf ici al deplet ion.

Cropp ing patterns to the neartest 4e-acre (162,0OO-m 2 ) plot and the vt Ifec-

t iye root dt, pths t or the various t vypes ot vegetal cover wer, determi ned by the
Soil (:on -e rva t ion Se rv icC. IFh is in format ion was based Lpon 19 71 c rop p i ng,
patterns that were assumed to b representative of the project area for tihe
calibration period.

Fhe root-depth data for each lock-and-dam area were enteretd into SIP'ERMOCK
in the form of an alphameric map on cards. [he various t pes of vegctal
cover, their associated root depths, and the symbols representing those depths
are tabulated below:

Root depth

Vegetal cover (feet) Map symbol

Cotton -------------------------------- 2.3 C
S~vbeans ------------------------------ 2. 3 S
Pasture ------------------------------- 2.5 P
Orchards ------------------------------ 5.0 0
Woodlands ------------------------------ 5.O W
Uplands ------------------------------- 5.0 U

Urban areas --------------------------- 2. 5 E

An example of an alphameric root-depth map is shown in figure 7. (All

examples are for Lock and Dam 3 area.)

Land-Surface Elevation

[he elevation of the land surface, in feet above Mean Sea Level Datum of
1929 (now referred to as National Geodetic Vertical Datum of 1929), was used
in the nonsteady-state models as a reference point for determining (1) the
depth to the water table, (2) the relation of the potentiometric surface to
land surface, and (3) the elevation of the top of the aquifer.

Land-surface elevations were obtained from two sources: instrument levels
and topographic maps. The land-surface elevation at each of the observation
wells was determined by instrument and assigned to the node nearest the well.
At all other nodes in each of the lock-and-dam-area models, these data were
picked from topographic maps. The appropriate set of data was read into
SUPERMOCK for each lock-and-dam area in the form of a numeric map. Land-
surface elevations at each node were estimated to the nearest foot.

Topographic map coverage, including map contour interval, is shown in
figure 8.
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Transmiss ivit v

The trarnsrissivitv of the alluvial aquifer in the sttudy area ranges from
3,00(1 to 15,000 ft 2y/d (279 to 1,390 m2 Id). These value.,- we're determined at
st- I ec ted sites by analysis of pumping-test data and by analysis of aquifer
reLsp1o nset. to river-stage f luctuations. These data were ext rapolated to ot her
areas of- the valley by developing relationships between hydrauiric conduct ivit v
aid( part it'le si at the pump11ing-test sites and eXtent] jg the'se Values, onl thre
hIiS 01 ot< ga i r-size relationships and thickness, to t est-io le s ites.

Pumpinug tests coinduc ted hy the iGeolog ica I Sorvey as; part of t arlIier
s tuiOr 0 e o the all uv i tm (Newcome , 1960) p rev ided valu tes of t ransm iss iv itv at
s1ix IOta tijns in the vail0V ev '1ransmi1ss ivit y values, de term ined frenm the-se
testLs, ranged from S, 300 to 13,000 ft 2 /d (492 to 1,21(1 ni/d) . The hv"dratrl ic
Cend uc tiviv rangeod f rom 13W toe 160 ft /d (40 to 49 m/d )

-IpproX im t t'i I 150samples of- aquri er material were col]lected from test
holes and analIVZOLd for hvdraul ic condttiv it\' and part ic IC siZe' during) tire
Snt-s t i ga t i onl. From t hese, analIyses , a re Ia t i Onsh;) i p) wa-i de'velopeCd betweenI

I Vd r at I I ic Con 01d U Ct i V it V a nd pa'lr t ic Le si0 Z ' us ingi the meILthlid of Johnson arild
1hcd i nge-r (F9' rom t I)is re lilt ionslr i p), an average valtre of IiVdriiii I i C
C 011d t tc t i v i t w was det velope1 Cd fo0r theI allt iv ia a uC 1,1i feL'. C ondu( I' t i it V' Vi I IIt'
t) h)t a Ijt1'd by1. tI I is mlct h Iotd wc ret c ompa1zir ed( w ithI t ho4)S L de0t tr Ili neI d I r o i pum i)1)C
teLs ts . From tiit'Se anlVst's, Anl average Value of Ilviedatilit' conduc't i tv.oI 01. 7

ftl /d fl nit) Was , d t rmi nre d I o r th1)e a]i I nv ia i 1qu I i fIr L - i is .i VLii wasl eln~-ck1-d

at s everal loctat ions near tlit river by us-ing tfit N 1\'R- INIIICfD VIJ'C'I'lA VI kINS

compritcr procram (Betdlir'gt'r arnd ethers, 197' 3. 'T'e t ransiliss ivit\ vAt t'at'l 01
tilt t est-iol sites1 .aS then t'tI)Mtd hy mu it iply ing thrt' ivterigo C'tndiit't iV t\

hV t ill tl iiu'krt'ss o IaIrliftt-l- imattr iai noted in thlit test-hletlos

I ran '-iri >- k vit \ ,,i i it,- I o r tlit' t erraut' l'e its \wukrt' I t imal It d I) i IuI

t 1 i l A ~ i ('i r ' O ll' - o u t i i t d I o i l o s o i t ,s i o l - i i i ti7 i t t - p i t s ) l i l t i \ ' r i t

Wt'r' -C ';gtu tl riinlis>,;iv itv\ values.- \iitjrt' lilt'\ rt aIreilJiv 1'.\tti l k' ari arZ1 t' 1
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Additt ional 1choceks W're made onl the mTode led t ransm iss5iv i tv val1utes duhi 1ng
cal ibrat ion of thet nionsteadv-statt' 11odl's. IlOWt'vor, only minor :idjuist mtnt s
were madet, , IIdL t ie ma ps- we re sedt I Iv i r t tia I I a Is i n it, ja I Iv1 repa- red in 11oth the,

('onduct ivi t 0 of t he UppeI))r (:on i n ing,. Live r

Movement'lt ol walte.r to or- fL tom1the a lluial aqul~iferI takt's' I1aCt through, theL

tipper cont in ing Liver,* wh ic eiOver lies, thet aquii e r nearI IV eve rV%.'hL'e r inl LiW
VA 1 Ie .- 111C tipperL' eonI iln ill ng \lyr , WII i C lIi is COMIii) OS 01d aOif t oeno
s- 'qJLWT'IiL' 0! C' I' si I t , and s;and, rne in tl i ickness f rom a I fs fee-t to0 140
f t (4 1 iii) . MOVemen'It Of water tlitogLI0I the uipper eon! i n i ng l'Lr was node, led is

being oneC-d imens ,-iolIi vert ieal I t ow. To p)ro v ide L'fr g reaZItcr tI Lexi h)i i t V in1
MOO LtuIg tLe ve- , r t i ealI- fl1ow COMponet' L tile upperL'I conftinlingll v I' LIV is usuile MO( 1 .a
two segin Its ; onek semet Xtending1 from11 tile hase0 Of tile root ZOntL 1.o t Ie

water tLe1 and the' otherI extend ing from11 thet wate'r talble. to thet top Of ti1e
aqtiu i ftL r

Biothi the lippt'r and lower segmnits were as;s ignied values- of 1ida 1VIIl i C
k'ondLIIti tiVtv, des. igna13teLd IRT arid 11CL, repcieI. TheCse va hit'0s W0'e entereLd

n SLT'FP, KMtCK b\ d islcre0te s ubareas-ceachi subarea hyin aI Lti iue valueL for1 11(1
an1d IICL. Fiacli nodeL w it h Ii ii a s;ubarea was assignied tilt, saintI' vaIlue for H(T' and
11(1.. Iliitii \', I(t' anidIC 1(1. vlues inl a particlIar subarea, wereC seLt equall tO
tithe Sit'VALl'. 'l Ii is v, I Itie, rt'prLesenTtt't thet harmionic mt'an1 Of tieltodi COIIt ix' i t esL
for mteri,is Inl thelip i COWnI i in" lLr inl that sulbarea. 'llist harMonl le-
11ean1 tOIltilet iV it t'i sereL L k*Ompl)tt'dl tllis ' I ng a i g i t a 1 p1) 1-0 ;I-am, Il l 'Mt 1j'. 1) sOwn1 iI I

at~, ta'In "'1t B . th \'iFIt rormue as i Api the tFicnes and I i to loic
class f or ma,1te L' -i I I i ti 0 ipeLton inl ing layerI-. 1, i t 1LOtg itL' daIta fo 0r theI
Iipp)cL r to n fn i ng Li\ e r we iL' oh t a i Ilk'(II from t t Lst -11hole logs. Eli' esli'usti in

the stLudy foi- as iW In 1 it Ili)o11gi C Clas anId I 'd(Ir at ItI' c oI Id(iI ct v i t I 'lown
i n k i trt' I(

hIl\'d'all iC-coIndiiC ix'it VviI lt1'5 ranging fro 1' 1) to I.\ ()-h I t /d (.0 t o

3x]Lo-h ii/(l) Wt're 5t;' Iee tt'd1 as1 be1u) hp i cl plA :PusIi hi 1 it V' I iIl it LW i tlIIi iii

wliI i t'l 1 itdj lt I t'nC11t s toIl I d 1) ma11,de to tit xci 0tl iCta1 hiVdltx I ic ndit' l t i v i t V 01t t It'
I1)Li- ct' eoIf i n iilg L.IVtL'rI-. IlI i iS rag rt1 ' I ') '.prt'sent s thli' condulc t i J'i t V 0 1 maittc'r i Is-

raIngingi fiktrom t it', santi to tlt'nSt' CliA. tecit'C11; of t 1 lt Lt ,tra I va r i ib i Ii t v oft
ippt'r a1lii ni aI matt'riais, t Wii11 nit i a I t'ond) i I I t i\ i t V' VA I It"; , as IStt'rmC1-1 ill'Cl I r-oml

Ste-lil)I' los art' lo nt'Ct'ssar1 i IlV rk'prtI'Ls (1nt tit i\' t' t I lIt' tillt iI'tL' areCa as

Iiiotlt I c d . IlIit'rt' for0'VC tilt' t1in l t'nSt ra int, s kill atl lit ig vs'rt i(% I Iliv d u 1%1 it'

coTIidiit t ix' i tv VaV I Ie dItir i rig ' clI i brat i on was, t o 1-01a illWs' tli in tilt p IW i cal

Ul Itsii 1iI it v Il iits.

Anl t'alllp I t o f anl a I pliini'rI i c mlap antdI. lit' accomlpamv i lng t i1b it' de in i1u t 1it'
v a L kIL't of h ll' in1 CL. for eaL'IC subart'a of a loek-anld-iml area: atL' oni

f igpire 11



100 EXPLANATION
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Relation of Elvapotranspiration to Depth to Water

Bcause the ent ire valleV is covered b vegetation, the removal of water
b% evapotranspi rat ion is not at the land surface but is at the base of the
root zone in the f ine-grained layer. To determine the rate of evapotrans-
piration from the root zone for different depths to water, a function expressing
tie relationship between dimensionless evapotransp iration and depth to water
below the root zone (GWETO) is used by the model. Values of the (;VETO function
were computed bv the ATMOFLUX program (attachment F) and were entered to the
model on cards. (WETO includes four different functional relations between
evapotranspiration and saturated hydraulic conductivity. The values of the
GWETO function for the four ranges in hydraulic conductivity and for depths of
from 1 to 30 ft (0.3 to 9.1 m) to the water table are shown in figure 12. The
appropriate relation is chosen during program execution based on the value of
HCU. file value of evapotranspiration is computed in the program as the product
of GCWETO at a particular depth to water and the upper hydraulic conductivity
(HCU). A detailed discussion of the determination of the GWETO function is
given in Reed, Bedinger, and Terry (1976, p. 52).

ET EXPLANATION

------------------------------------------------------------------------------
-,L. 0T 7 I HC<.QO4 *004(rl<.O4O I .040-HC<.400 .400<MC

*AT , A B L E
(I} I

-----------------------------------------------------------------------------

.03 3, .. 45 C.0351 0. 00' 4
, . 2?2. C.' C . I ', 7 C:*. 2

7 CC. ' . .3''

7. ,,;C.^''-5 ".; ,, ., k 0.?000

0 .;*

C . r, • 153", - .

'. C6

*-, . , i ,72'; . .

S,,o . 3. C
* " r ,6 3 3 .2 C 72 (.,0

C: *', ",I 7,-;. , , ', ,C

2. I.P' CI. .," ,, .";5

* 2? n.,y?" '.7A C ,. , "
23 C*, 9 7 ","' 1;. I .
2. i . - .: :, .2 .

,-' ,-., .o : ,,2 I.

I .. :2 3 ':]5. 21,, C..

Figure 12.--Example of GWETO functions for computation of evipotranspiralion.
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Thickness of Streambed Material

The Red River and its tributaries do not fully penetrate the alluvial
aquifer at all places along their channel. The fine-grained material that
exists beneath the stream channels in places retards the movement of water to
or from the aquifer. As a result, for preconstruction conditions, water
levels in observation wells as close as 200 ft (61 m) to the streams nav
differ by as much as 3 to 5 ft (0.9 to 1.5 m) from stream levels during
transient conditions.

In SUPERMOCK, grid nodes assigned to the main stem of the Red River may
optionally be specified as fully or partially penetrating the aquifer. All
tributary stream entries are assumed to be partially penetrating. The model
requires that all partially penetrating stream nodes be assigned a streambed

thickness.

The thickness of material beneath the stream channels was not known

initially except through qualitative estimates based on logs of test holes

near the stream channels. Therefore, the effective thickness was determined

from analysis of SUPERMOCK's response to different thicknesses as indicated by
the differences in the computed and observed potentiometric surface at control

wells near a stream. The reasonableness of the annual accretion to the

aquifer necessary to maintain a computed potentiometric level equal to the
observed level at those wells was also considered. An arbitrary value of
thickness was assigned to each node in the model that represents a point on a
stream channel. Maps showing streambed thickness were then prepared for each
of the modeled areas. Separate symbols were used for each stream, and an
arbitrary value of thickness was given to each symbol. During calibration,
additional symbols were introduced where needed to represent different thick-
nesses. 'here changes were not required, the symbols used initially were

retained for ease in identifying various modeled stream channels. For reaches

of a stream where zero thickness seemed to be indicated by model response, a
very small nonzero value was assigned. The program logic in SUPERMOCK computes
no flow through the streambed if a zero thickness is coded for the node in the

streambed-thickness map. An example of a streambed-thickness map and its
accompanying legend are shown in figure 13. The thickness value associated
with the symbols H and C is printed as zero because of the print format in

SUPERMOCK. The value is actually a small nonzero fraction. The blank in the
e-,planation indicates a nonstream node and therefore has no streambed thick-
ness associated with it. The 3's around the edge of the model indicate a no-

flow boundary.

The thicknesses shown on the maps do not necessarily indicate the physical
thickness of fine-grained material at a given location. A single value of

5x10- 3 ft/d (1.5x10- 3 m/d) was used in the model as the hydraulic conductivity
of the fine-grained material. Therefore, the thickness was adjusted to obtain
the correct ratio of hydraulic conductivity to thickness for calibration.

Also, because of the 0.5-mile (0.8-km) grid spacing used in the models, any
modeled watercourse is effectively 0.5 mi (0.2 km) wide. Thus, the modeled
thicknesses must represent the flow characteristics through streambed materials

in generally much narrower streams. A near-zero thickness of streambed
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Figure 13--Example of alphameric streambed-thickness map for
nonsteady-state analysis.
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material is an indication that at that point the river and aquifer ark. in
perfect hydraulic connection.

Changes in the preconstruction streambed-thickness map required in t h
postconstruction analysis included only the addition of nodes reflectinc
postconstruction changes in the position of the navigation channl. 'The ;idded
nodes were assigned the same thickness value as adjoining river nodes.

Specific Yield and Storage Coefficient

The introduction of specif ic-yield values and aquiffer-storage co-eff icicnt s
into the model was done in alphameric form by discrete subareas identical ,,,,ith
those used for the entry of HCU and HCL. An example of an alphameric' map o
specific-yield values and storage coefficients and the explanation for each
are shown in figure 14. The scheme for applying calibration values to identical
subareas was used so that, during the calibration process, modifications cOUld
be made to the values represented by symbols in any one subarea without ubst an-
tially affecting adjacent areas.

Specific-yield values were limited to a plausibility from lxlO - 2 to
2xlO- I , and the storage coefficient was allowed to vary from lxl)- 3 to lxl()- .
The final specific-yield values and aquifer storage-coefficient value.s L;wre
adjusted in the calibration procedure by a trial-and-ercor process within
these limits.

Precipitation and Potential Elvapotranspiration

Daily precipitation and evapotranspiration data are required by SUPI:RMOCK.
Climatic information used in preparing these data was obtained from National
Weather Service stations in, or near, each lock-and-dam area. Data from
Weather Service stations at Alexandria, Natchitoches, Westdale, and Shreveport
were used in Lock and Dam 2-5 areas, respectively (fig. 3). Data for Lock
and Dam I area were taken from the Jonesville station, which is about 20
mi (32 kin) north of that area.

Daily precipitation, in inches, was taken directly from Weather Service,
records and coded for card input to SUPERMOCK. The model assumes uniform
distribution of precipitation throughout the grid area. Therefore, no nodal
specifications were required. SUPERMOCK required that tho precipitation data
begin on or before the first day of the simulation run and continue through
the duration of the period analyzed.

Daily potential-evapotranspiration data were not directly available.
Therefore, a computation scheme was required to derive the data. Potential
evapotranspiration is the combination of evaporation from the ground surface
and transpiration from plants when there is complete vegetal coverage and soil
moisture is adequate. Potential evapotranspiration was computed by the method
of Thornthwaite (1948). This computation scheme was incorporated into a
digital-computer program called POTEET, which was modified from a program
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developed by E. P. Weeks (written commun., 1973). The principal data require-
ments of this program are minimum and maximum daily air temperatures, monthly
average temperatures during the period for which potential evapotranspiration
is to be computed, and latitude. A source program listing and complete data
requirements for POTEET are included in attachment C. Primary output from
POTEET consists of punched computer cards that are in a format compatible with
input requirements for SUPERMOCK.

River Stage

Two complete sets of time-variant stream-stage data for the Red River and
its major tributiries were required for nonsteady-state analysis. Preconstruc-
tion conditions in each lock-and-dam area were simulated and the nonsteady-
state model was calibrated to reproduce observed water-table levels and
potentiometric-surface elevations at control wells. After successful calibra-
tion, the preconstruction stages were replaced by time-variant postconstruction
stages, and production runs were made simulating postconstruction conditions
in the flow field. Datum for all stream-stage data used in the nonsteadv-
state model was Mean Sea Level Datum of 1929.

The Corps of Engineers provided time-variant preconstruction and post-
construction stages on the main stem of the Red River for the period December
1967 to September 1973. These data consisted of sets of 5-day-average stages
at approximately 2-mile (3.2-km) intervals for the entire reach of the Red
River in the project area. Each set of associated stage and river-mile data
was identified by a sequence number, increased by 5 for each set, to correspond
to the time (day) on which the average stages were based. The preconstruction
and postconstruction stages comprised two separate data sets, each residing on
a separate 7-track magnetic tape. These data sets were transferred to 9-track
tapes and used as master input-data sets for the creation of separate lock-
and-dam-area main-stem river-stage-data sets, as needed.

The individual lock-and-dam-area sets for the main stem of the Red River
were created by use of a digital program called RIVCHANGE, developed specifi-
cally for that purpose. The source-program listing of RIVCHANCE and data-
input requirements and formats are included in attachment D. Input requirements
for RIVCHANGE include the following: (I) beginning and ending sequence numbers
corresponding to the beginning and ending dates of a period of time encompassing
the period to be analyzed for a particular lock-and-dam area; (2) a number
equal to an interpolated sequence number within the period specified in (1) at
which computation of 10-day averages is to begin; (3) the length of time, in
days, for which computation of 10-day averages is to continue; (4) the beginning
and ending river miles in a particular lock-and-dam area; and (5) grid nodes",
and associated river miles at which 10-day-average river stage. were desired.
Node designation and associated river mile were determined manually, beginning
at the downstream end of the model and proceeding upsteam sequentiall to the
upstream end of the model area.

RIVCHANGE was designed to interpolate in time and space and compute 10-
day-average stages at specified river miles associated with river-stage nodes
in the model of a particular lock-and-dam area. The program first located the
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specified time period within the master data set and determined the reach of
tile river to be analyzed. The spatial interpolation was based on river miles
and tile temporal interpolation was based on sequence numbers and associated
calendar dates. As enough daily data became available from the interpolation,
RIVCHANGE began computing 10-day-average stages, beginning with the day
designated by the beginning sequence number for computations, and continuing
for the number of days specified.

Output from RIVCHANGE consisted of 10-dav-average river stages associated
with specified grid nodes. Each set of average data was identified by a
sequence number and a calendar date. These data were printed and also
stored in a sequential data set on a magnetic disk pack. 'Fhe disk data set
could then be accessed by SUPERMOCK to obtain main-stem river stage every 10
days for the duration of a simulation period.

Preconstruction and postconstruction main-stem data sets were created
by RIVCHANGE. Differences in the preparation of preconst ruction- and post-
construction-area data sets involved accessing different master data sets
and specifying a different set of associated grid nodes and river miles.

Time-variant 10-day-average stages on signiticant tributaries to the
Red River were also required by SUPERMOCK. A digital program called TRIBCHANGE
was developed to provide these data in a suitable form. Input requirements
for TRIBCHANGE include the following: (1) the total number of tributary-
stream nodes to which stages would be assigned, (2) a beginning sequence
number-- ident ical with that for the main-stem data set-for computing se(LeCeW
numbers for sets of tributary-stream output, (3) manually computed 10-dav-
average stages at gaging stations on each stream, and (4) associated grid
nodes and stream miles for each stream. )ata for any number of streams can
be used as input to TRIBCHANGE, and the entire tributary-stream data set may
be created in one run of the program.

TRIBCHANGE was designed to interpolate only spatiall\' becaulse tile 10-dyI
averages entered to it were computed manually for til needed time increments.
At nodes where tributary streams enter the Red River, tile 10-day-average data
from the main-stem-data set were entered to TRIBCHAN(. as data for the base
gage on that stream.

Output from TRIBCHANGE consisted of 10-day-average stages ever\ 10 day's at
all specified grid nodes for tributary streams in a particular lock-and-dam
area. Each set was identified by a sequence number identical with the sequence
number of a corresponding average set in tie main-stem-data set.

Data from YRiBCH\N(;E were printed and also stored in a sequent ial data
set on a magnetic disk pack. This disk data set was then accesscd bv SIPEKRMOCK
to obtain 10-day average tributary-stream stages every 10 day's diirin , the
duration of a run.

Both preconstruction and postconstruction tributary--tream-data st s
were created by TRIBCHANGE. Changes in data used as input to tile proi,ram
for postconstruction included changes in base-gage data at the month of
streams emptying directly into the Re d River, thereby ref lect lug increlsed
postconstruction stages on the Red River.
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Potenlit i one tr i c-suirface levelIs were w ith ii n res pond ing- p reCtt em i ned Cerror

criteria. [In addidtion, computed potentiometriC-I-rac anidwae-be

hivd rog raplis f roni HYI)ROC were compa red to 1'rog rajtii deve'loped] fro ObC rV.d
mieasuremen ts . At te r a thloroughi anals VS 0S O t a ron, nd tea te-' c huanges we IC Priadle

to appropriate para~meters , and a new computer ruin was made'. No rmal I I %, from 20)
to 25 runs were ttqiitired to calibrate each non:-tead'-stat' 11iOdlel

riemgn ittideu and direct ion of changes that werCcaue bymoZiA ct o

of parameters dl~ii lg cali brat ion oif thek. 0008 teady-5 tate' mod e are disiisedill
thle tfCoIlowinog pa rag rapthls.

lie livdraul ic condLoCt iVi tV Of tile Upper Seg'iuient Of theC COWf in iog I

(HCU ) limi ts rechlargC tC) the Wate-r tabiO Ca;nd thIIs the a(I-i fer. F or 1)os it ivec

acc ret ion, an inc reaSe in tilie modce d valIute of H(.U ill a pair t icuilar siibairea

catuses an incease in elevation of the water table and very 1 ikel, ;' n incrCI.-C
in theQ elevation of the potent joretci c siirt ice mlnlC5 tile conduict ivi t of- tie

love.r segment of thle C01tllfin i ng I aver (j1Ct) i5 ver\' low. A ulte reas C in tiet
modeled value of HITU has the Opposi LteCf et--f and WOCiI likels CaisC a hertt 5

in the C'Vat ionl Of bohit the Water table And tilt potent lome1trie siirtate-.

As IprL'VLo(-)Iv\ ment ionted, 11t, is- tieltie (Iignat ion of Lite iivdliaii it, contlii-

t li tv COf the Conf in ing lay~er 1 ro0il tile WatCr tileI tC) theC tOP Of thea i fC'ikr.

Anincrease, in the mlodeled valtl1 tie ofC til,gneral lv restll t s in ain i ntre0asCL it'
the ele'vat ion Of tile l)Ot('Tlt iome tiic suirfac aiC;nd it dt Cl1CisC' in I. lieL'a t Cr table.

Decreasilog tile mt)ecittC vll tiC of H1(1 hias thet oppos0iteCt Oftet ; thliat is, thle

water table wili rise antd tile 1po'lut iom'trihe stirtate will fall I.
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If negative accretion is occurring--that is, the water table has dropped
below the potentiometric surface and water is moving up from the aquifer--
increases in the modeled value of l-CL will raise the water table and lower the
potentiometric surface. Decreases in the modeled value of HCL will lower the
water table and raise the potentiometric surface. Changes in the modeled
value of HC' will either raise or lower both surfaces.

Adjustments to the storage-coefficient (S) and specific-yield (WTSTO)
values can be used to control the fluctuations of the potentiometric surface
and water table, respectively. Increases in modeled values of either of the
two parameters will cause smaller fluctuations, and decreases in these values
will cause larger fluctuations. Modifications to these arameters are very
useful during calibration for adjusting computed water levels for the spring
and fall that differ from observed values by about the same magnitude but in
opposite directions.

The thickness of streambed materials can be adjusted to produce a change
in the computed water-table and potentiometric levels near the stream. In the
Red River Valley, the movement of water generally is from the, alluvial aquiler
to the river or stream. Therefore, if the modeled thickness of strambed
material is too small, computed water levels in observation wells near the
stream are lower than the observed levels unless the recharge rate is in-
creased substantially. If increasing the conductivities of the, upper confining
layer in the affected subareas does nothing more than increase, computed accretion
values to unreasonable levels without an appreciable ri Sc in water levels, the
streambed thickness is too small. The upper plausibility limit on accrt ion
was 1 ft/yr (0.3 m per year). An example of a table of annual acCret ion
summations at observation wells is shown in tigure 21.

MIODE'L OUTPUT

The output from the nonsteadv-state model, in addition to that use.d for
calibration, was designed to display the results of the analys is in a form
suitable for the determination of the effects of the water table on .igricul-
ture. The critical parameter influencing agricultural product ion is the depth
to the water table below land surface. The depth to the water table has ai
significant effect when it is within the root zone, or within approximatel
ft (1.5 m) of the land surface. Times of occurrence of shallow d(-pths to the.
water table are also significant. The most critical periods occur durig' tile
plowing, planting, growing, and harvesting seasons of the year. I'or this
reason, output from the model was designed to show the avera ,, depth to the,
water table for either one or two 10-day time frames during these Critical
periods. A series of 30-day time frames was used to represent water-tablt
conditions during the dormant season. In this manner, the \'ear wis divided
into 21 time frames a,;sociated with specific calendar dates. li dte, were
selected by the Soil Conservation Service. The actual output consisted ot
data, punched on computer cards, showing the computed deptll to the water table,
below land surface, to the nearest foot, at each node in thit, model. Vigure, 22
is an example of part of the data, in printout form, showing the nOLd loct ion
(row and column) and depth to the water table for a part icular t ir, frame.
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Depths to the water table of as much as 9 ft (2.7 m) below land surface are
shown in the printout. Because the table format prints depth as only a single-
digit integer, a 9 indicates a depth of 9 ft (2.7 m) or more.

The combination of depth to water table, soil type, and cropping patterrn
was used by the Soil Conservation Service to determine the beneficial or
adverse effects of project-induced changes in water levels. Crop yields
obtained during the calibration period were used as the standard for determining
the net project effects.

Output from the steady-state analysis consisted piimaril\ of head-chane
data, shown as tabulations or as maps. Maps of head change with time are
available from the model, but only the final or steady-state output was consid-
ered significant because it represented the dynamic equilibrium conditions
resulting from the change in river stage. This head-change map was used to
compute the average postconstruction potentiometric surface. The elements of
this computation are shown in figures 23-26. Figure 23 shows the preconstruction
potentiometric surface in a lock-and-dam area. The computed head change is
shown as a grid plot to the same scale as the model grid (fig. 24) and as a
complete contour map (fig. 25). The head change was added algebraically to
the preconstruction potentiometric surface to produce the resultant potentio-
metric configuration shown in figure 26. This method is based on the principle
of superposition that assumes that the flow field in the aquifer can be
considered a linear system and that the head change component can be analyzed
independently. The principle of superposition allows the postconstruction
condition to be determined as the sum of the preconstruction head and the
head-change component.

CONTINUING STUDIES

The modeling procedures developed for this study, particularly those for
the modeling of nonsteady flow, were designed to provide data for an assessment
of the effects of project-induced water-level changes on agriculture. However,
these procedures can be applied to a variety of situations in connection with
the Red River Waterways Study. The calibrated models can, with the appropriate
boundary changes, be used to analyze the effects of anv arrangement of locks
and dams or pool stages. Although the results of the study were primarily
concerned with agriculture, the nonsteadv-state model can be modified to
determine the effects of raised water levels in urban areas. The higher water
levels may cause flooding of basements, septic tanks, or sewer systems, or
may, because of increased moisture content of surficial clavs, cause differen-
tial movement of footings of buildings, swimming pools, or bridges. The
models can also be used to aid in the design of well fields and surface-
drainage systems that may be needed in places where shallow water-table
levels are anticipated.

To achi.ve the greatest benefit from the study, the water-leve -obser\ation
network developed for the study should be maintained and water-Le', 1 measurements
continued through the construction phase to verify the predictions made during
the study. The data would provide a definition of the actual ground-water
conditions resulting from the stage changes and wotu ld provide a means of
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tIME IN UAYS-- 4000U.00000

8O COLUMNSI PuWs 10 1iWOU6" 3'.

0.0 0.0 0.0 0.0 0.0 0.0 0.0 D.0 0.0 0.0 '.0 0.0 0.0 U.0 0.0 0.! 0..

1.3 1.8 2.4 3.1 4.3 5.0 t.3 3.1 2.2 1.5 1.1 0.,j 0.7 D.o '.., 2.-

1.2 1.8 2.3 2.9 3.6 4.2 4.6 4.6 2.4 1 .t 1.2 0.9 0.7 0.5 0.. C.. :.

1.2 1.7 2.2 2.7 3.2 3.8 4..4 5.u 2.6 1.7 1.3 0.4 0.7 0.t 0.4 .4 .

1.2 1.7 2.2 2.b 3.0 3.6 4.7 4.7 2.9 1.9 1.4 1 .U 0.7 0.5 Q.- Cr.
, 
. oU.'

1.3 1.7 2.1 2.5 2.9 3.4 4.3 4.3 3.5 2.3 1.5 1.0 0.7 0.5 0.'. C'.'. .J

1.4 1.8 2.2 2.5 e.9 3.3 3.5 3.7 3.5 2.4 1.0 1.0 0.7 0.5 0.'. 0.4 0.c

1.5 1,9 2.2 2.5 2. 3.4 3.6 3.b 3.4 2.4 1.b I .c 0.7 0.5 0.4 .5j 0.U

1.6 1.9 2.2 2.t 2.9 3.3 3.2 3.0 2.7 2.1 1.4 1.' 0.6 G. 0.3 .e O.U

1.8 2.0 2.2 2.6 2.9 3.1 2.8 2.5 1.9 1.3 0.8 0.1 0. 4 0.2 0.2 (.1 .ej

1.9 2.1 2.3 2.3 2.6 2.5 2.4 2.0 1.' 0.t 0.3 0.2 0.1 0.1 u.0 0. 0 0.t

2.3 2.4 2.' e.4 2.4 2.2 2.1 1.7 1.0 0.5 0.1 0.0 0.0 0.0 1.U0 .U 0 .U

3.1 2.9 2.7 2.3 2.1 1.9 1.6 1.3 0.t 0.2 0.1 0.0 0.0 2.0 .U 0 .0 U.

4.1 3.8 3.1 2.4 1.4 1.3 1.2 0.7 0.2 0.1 0.0 0.u 0U 0.0 0.U 0 .0 U .0

5.7 5.3 3.t 2.4 1.2 1.0 0.7 0.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

9.5 6.1 3.9 e.2 0.9 0.7 0.5 0.4 0.1 0.0 0.0 0.0 0.0 0.0 0.L 0.0 U. L

8.5 5.5 3.3 1. o 0.8 0.3 0.3 0.3 0.1 0 .U 0.0 0.0 0.0 0.0 0.U 0.' u.'

8.2 4.1 2.2 1.0 0.3 u.2 0.2 0.1 0.0 0.0 0.0 0.' 0.0 U.0 C.0 o. ,

6.2 2.4 1.0 0.4 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.U 0.0 0.0 0.U o . 0.0

NOTE.-[ioht sheets of printout required for cownete Cnvero ,- o f
modeled area.

Figure 24.--Example of computed output from ste2dv-state model ',ho , k. )

of head-change map.
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ATTACHM ENTS

F'itI,- ol lIow ing- a t t a c himnts gIe tiu h p)r o gram IL i t irugs and show the inpilt

dIa t a rcquir rentriri f or thLe per ip~e ra 1 programs, LIsA in conjulnction With F)Cie
St'RFLKand iK.LLor' odels. File! relation oF tL pe L1)I he ralI programs, to the

moc-,i) ,jol ilI 41C2. Fxlimp ics 01 printedl outplt 0 28 9)fo
thei, AVEKA(;L ,irud D)L-I.LFLLE,ll programs are given a Ilong wi th t he re~sp~c t ive docul-
men tat ion. On t pult rem thLe AkVIRA%(;E program is' not is-;~ edLIilccc tlV in the
model, but i t prov Ldcs- control for tile contour mtap 01 the, avera3ge Prtecons-t rtic-
t ion. potenlt iLmetric sturfict, 11(1 in conjLunct ion with the output from the
F ;WI OW% model . P r i mair v o i tpn ,it f ro m t c AT I ) FLIU IX ,aniid F)' )TEF7:T p r o ,,i aim 5; s 1)iinC I ed

onl ca rds andi tha FiFrot!) thLe RI\VCJ1ANG 7 and TR IBCHAN( 1- p rog ramsis, st-ored onl di sk
data sets. FExamp les of ontapLIt from these four programs are not shown.
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ATTACHMENT A

AVERAGE Program

63



U I

a) Q- 0 4

C)r0 4 D -)
.> 0.

-~C C 0-

4--

-~ fl4' C4-)
S. Q 4- C_ )0

0 "I r 0 - Q) 4

L) 0 _0
Q) 1 04-' E

mO 00

00

4- S
0 4

0 4 -)
C - C) .- t

oj o 4 1 3) 4-o)
oo m0L UL) _:

O~ Q)

F- C)'

- Cc 0 j O 2

_r -> -D - L L :
-C3-

0a Q7,w '

11 LU 4-' 1.0 C)i 00 ) -
LU Q) CD 8z c- 0

C) -

E 0) S- o

C)- ' ' ) LU -= -

64 -



-0 _C c
0 4-J CT0 A

0):3S. 4.-
o CM 4-) 4-- C

Ca.4-) E 0
c . S.- -0 u.

.CU 4-- 4-- d) W)

> C c0

0) E~ W
E~ rQ) 4-3

4 -leZ: Q > u
4- M W 0)4-

a) E ,-
>C 4-' E c S-

4-) C S-or U (
C- a)>,MEW Q

0 C m0) V)fu---

E~ a) n >~- I ) dc

IE S-

.C4-E CS- 0

0r0Ln 1: -O

-.- i C

r- 
0?r

8 co

C')

o0

0-0



TablIe 3.Z"K;

r .Ci'-N T -

C

r THIR; PPorw(Akl ComPLJTf T~i,.14 (;1 T1~ - r, T a' t ~
r LF VFL F OP A SPFC I F I P PF1f P F Tl 0r f. 1) F P~ r y

r T HF P~4nrWA A 1 ' )F c!T,Nc-f. TO ~ta 61) Al I , r CM.'- I. -, .A

r G, P 11h, ) - wA TF ;4 F0 wm a TS H ii w F V F I T (.,l F *.f- n *, I 14 r' Tj * 4 d'

C Wf.TFP-l F V1L C fl 4 n;A, T"F Y A'- Pi fp,( -cL y T,. f.;,>

r ~
r)T MF N' ION T OAt Y1? r i T) .1if- F2) ) .31 (4 o 4 ( 4*~I( v

' N (4) . I AA (4) 1 1 D(4) * IJ Y (4 * L(

DA Ta Ara/1?.I I '.1 .

I PT =n~

I P T=

r IMP --N PF ; I NNjITNc, vrN T H Fr).. nF I wF P,. T O)(1 P LC

r IYP H- HF rININj r, Y F A 4 F () 'W 'I P D )F . L; T ('v ~F r', v 21

r aV A

C JmflN - F N)I N(i "0 KT. " FnP )~ F [c(- I I rin r~ n~l- ) A F- 2'

C JYP ~FNJOIN(J, YF AL FOP -)F1 4:( P'Ew Ic ( F "Fr')flP. V.4 1

C FLFV - LANn-SuP.FACF PLFVATTOJ a T id( A v 4 C

Cp, 1r4 - Apf Ni(mHFP. A.f v I

I WF~n (TQr),4N.FNroz44 ) FL FV. IPO( tp r -(4

M Ij = hp ) v t 4 fl

10v t. 4]
j 1;Mf 4v '

r LV '.

r nFPTH -- r)F'TH OF W L L A v. 4'.

c INn -- CAwn N'JMRFD. A 4 h

PF An twn .4 7) OfP TH . P! A 47

IF (OFPTH.Fo.fl.f) (PA.94'.'' 44

JMf-iA-A
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Tab Ie : -Conti nued

wbifl *0 Av -Lj

PAX=q9qQ9 Avf

NP: 1 A v t -4

NTm=0 V
NO= 14 A~ V t
P1 N=-qQ99 A ~v V ,
AVFI =999).99 A.' '-71,
P AX FL =QQ9.9 4qAV c

P I N FL =Q9 * 4.( 9AVI c'

c tV~ E b

c I HF 0 () -- HA nI NG I N F fM A T10N FOL0 ~F L L E
r v 7

C INn -- CAPD NUJMHFQ. AI
cr ~4

2 RFAfl TIPD*44) ( IHF n II NP No)I :) Av V -'i-n

IF (INO.LT.1) cO TO 3 v
NP=NP, 14 A.j V .vI1
NO=NO.14 t
GO TO ?2v k

3 MQO A E 7r
M:1 AVE 7 1

r InVi 72
C mO( I) mn'~fNTH WATFL.-LFVFL mFASUjwPFNT Ttnw)-i. LVF 7 4
r A v 74
r 101 r- AY 4A TEP-L F VIL MF A StIqF M N T T A GN . A 7(,

C IU -I YFAF, WATFIQ-LFVF L AFAS;LIL.EMNIT 7 AwP-j. AVE/ 77
c AVE 7 k
C SIN(l) '; IGN OF WATFW-L VFL VALiJF. AVE 79
r. AVE .)
r WL)I) -- ATFN LFVFl. AF V fA

A % R

4 PF AO (1 PD,49) (MO4 ( I) 9 I r) ( I T Y TI . I NI (I * '1 IT )*I I 4 ) NJv AV q 3
I F (mrO. PF . I) 50 T n 9 AV Q4
I F (IYP.FQ.l) GO TO A VEH
DO 7 1T=]1,4 AvI Q o
I F ( I Y(I T ) -I Y W) AVE A7
I IF (MO(!T).LT.Im0N) GO TO 7 A 1ER J

I IF ( ISt.FO. 1 Go TO 7 AVE A c
Iqm:) A VI F.
M=IT AV- Q ]

7 CONTINIJF A 4e
I F ( 1;m .F 0. 1 6 O TO n R A Q-
IF (JNII&4.F(J.0) rO TO I AV L 94
GO TO 4 AVE Q,)

P Lm~mO(m) Av o,
Lfnl1Io (N A V I

L Y IY (m AVE Q'j
LPm~l tvE Q4

Q )O 10 I=M.. A E 1 01
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Tat)l1e 3.- r9. t .i- Cnnr

IF (SIN(I) .FG.SIGNt1 ) WL (I):WL I )0)-1.O) AVE In 1
10 CONTINOE AVE 10?

IF )JYP.FQ.O) GO TO 14 AVE 103
IF (JSM.EQ.ll GO To 37 AVE 104
DO 13 JT=M*4 AVE 105
IF (I Y(JT) ,JYP) 1 '411 %1? AVE 106

11 IF (MO(JT).LE.JMON) GO TO 13 AVE 107
I? JSM=1 AVE 108

IF (JT.FQ*M) GO TO 37 AVE 109
94O(,T)=MO (JT-1)VE10
If(JT)=TOUjT-1l AVE II I
IYIJT)=IY(JT-J ) AVE 11?
Mt. UT) =WL (,)T-1) AVE 1 13

11 CONTINUF AVE 114
14 IF (M*FQ*4) GO TO 36 AVE flS

00O 13 1=M.3 AVE 116
IKO=O AVE 117
AJ=T AVE 1)18
I JJ= 0 AVE 119
JJJ=O AVE 120
IF (JM.FQ.O) GO TO 15 AVE 1
GO TO PR AVE 1??

11; IF (MO(I#1).NE.0) GO TO 16 AVE 1?3
MOCT * 1)=MO(I) AVE 124

I!)(1.=101)AVE 1?S
TY 1.1 1Y(I)AVE 126

WL CI* 1) ML (I) AVE 1?7
G'O TO 30 AVE 128

16 IF (MAO(1).NE.MO(1.1).OP.IY(I).NE.IY(I.1)) GO TO IT AVE I?9
8AC.0.IO(.1~IOCflI?.0AVE 130

WWM=MM(WLCI)*BA)*(WL(1.1)*(RA-1.0)) AVE 131
NTM=NTm*(TD(1*1)-In(1)) AVE 13?
GO TO 10 AVE 113

17 IF CIYCT).NF.IYU11 GO TO 20 AVE 134
IF (MOO)(IYCI),4).FQ.O) ID)AY(2)=?9 AVE 13%
K=MO( 1.1)-MO( I) AVE 116
IF (K.FO.1) GO TO 19 AVE 137
IA=MO(T) '1 AVE 119
IR=MO( T*1 1-1 AVE 139
DO 1A J=IA,TB AVE 140

19 J.JJJJJ*IOAY(J) AVE 141
Iq Nr)Y=InAY(MO(I) 1-10(I) AVE 14?

RA=(.l.NIOY*Jjj'llC 1))/?.1 AVE 143
WW=WW (ML (Il PA) *(ML (I )O (PA-I *0)) AVE 144

NTMf=NTM.Jjj.IO(t~l) .ND2 AVE 14S
GO TO 30 AVE 146

?0n IF ((IV(I.1)-IYCT)).6T.l) GO TO 26 AVE 14T
?I KP=MO(T).l AVE 148

IF (M00(IY(I)v4).FQ.O) 1C')A'v?)?29 AVE 149
IF (KP.GT.12) (6O TO 23 AVE ISO



Table 3.-A VEHA 'A' progrcn I isting- Continued

DO ?2 J=KP,12 AVE 151
2? JJJ=JJJ*IDAY(J) AVE 152

IflAY (?) =28 AVE 153
?3 IF (mO(1#1).EQ.1) GO TO 25 AVE 154

!PP=MO (1+1)-i AVE 15
IF CMOO(IY(I.1),4) .EQOo) IDAY(2)=29 AVE 156
0O P4 J=1IPP AVE 157

P4 TJJ=IJJ+IDAY(J) AVE 158
?I; Nfly=IDAY(MO(I) )-ID(I) AVE 159

8A=(1.fl.JT.NDY.JJJ.TJJ.ID(1.1))/2.0 AVE 160
WW=WW.IWL(I)*BA).(WLU1*l)*(8A-1.0)) AVE 161
NTM=NTM*NDY+JJJ.Ij,J*ID(I1).JT AVE 162
Go TO 3n AVE 163

26 KP=(IY(I#I)-IY(I))-1 AVE 164

KK 1=36S AVE 165
DO 27 J=1.KP AVE 166
IF (mOOC (Iv(I)*j) .4) *EQ.0) KK1=366 AVE 167

27 JT=JT*K(I AVE 168
GO TO ?I AVE 169

28 IKOiJ AVE 170
00 29 K=194 AVE 171
IMO(K) =MO(K) AVE 172
ITO(K)=TD(K) AVE 173
IIY(K)=IY(K) AVE 174
AWL (K) =WL (K) AVE 175
IF (K.FQ*1) GO TO 29 AVE 176
A4O(K) =MO(K-1) AVE 177
TO (K) =10(K-i) AVE 178
IV (K) =TY (K-i) AVE 179
WLtK)=ML (K-1) AVE 180

?9 CONTINUE AVE 1A1
MO (1) JM AVE 182

11) ])JD AVE 183

IV (1) JY AVE 184
WL (1)=WLM AVE 185
GO TO 15 AVE 186

30 IfAY(2)=28 AVE 187
IF (IKO.NE.I) GO TO 32 AVE 18
0') 31 K=194 AVE 189
MO(K)=TMO(K) AVE 190
If(Kl=TID(K) AVE 191

Iy(X)=TTY(K) AVE 192
31 WL(K)=AWL(K) AVE 193

1KO00 AVE 194
JM=O AVE 195
G~O TO 15 AVE 196

3? LLM=MO(T.1) AVE 197

LLD=ID (1.1) AVE 198

LLY=IY CI11) AVE 199
WPD=WL (1 *1) AVE 200



Table 3.-AVERAGE program Zisting-Continued

33 CONTINUE AVE 201
DO 35 N=M,4 AVE 202
PIN=AMAXI(PINoWL(N)) AVE 203
PAX=AMIN1(PAXtWL(N)) AVE 204
IF (PINNFWL(N)) GO TO 34 AVE 205
MA=MO(I) AVE 206
MD=ID(N) AVE 207
MY=IY(N) AVE 208

34 IF (PAXNEWL(N)) GO TO 35 AVE 209
NMA=MO(N) AVE 210
NMD=ID(N) AVE 211
NMY=IY(N) AVE 212

35 CONTINUE AVE 213
36 JM=MO(4) AVE 214

JD=TD(4) AVE 215
JY=TY(4) AVE 216
WLM=WL(4) AVE 217

37 IF (JNUM.NEO) GO TO 3 AVE 218
WW=WW*WPD AVE 219
NTM=NTM. AVE 220
AVE=WW/NTM AVE 221
IF (ELFVFQ.0.0) GO TO 38 AVE 222
AVEL=ELEV-AVE AVE 223
PAXEL=ELEV-PAX AVE 224
PINEL=ELEV-PIN AVE 225

38 IF (MOn(IZT.3).EQ.0) GO TO 39 AVE 226
WRITE (IPT954) AVE 227
GO TO 40 AVE 228

39 WRITE (IPT,50) AVE 229
40 WRITE (IPT,51) AVE 230

WRITE (IPT,2) (IHED(1),I=.1NQ) AVE 231
WRITE (IPT,53) LMLDLYLLMLLDLLY AVE 232
WRITE (IPT.54) AVE 233
WRITE (IPT,55) AVE ?34
WRITE (IPT,56) AVE 235
WRITE (IPT,55) AVE 236
WRITE (IPT,54) AVE 237
WRITE (IPT,58) DEPTHAVEAVELtPINtMAMDMYPAXNMANMDNMYPINL PAVE 238
1AXEL AVE 239
IF (PAX) 41942942 AVE 240

41 WRITE (IPT,57) AVE 241
GO TO 43 AVE ?42

4? WRITE (IPT,54) AVE 243
43 WRITE (IPT,51) AVE ?44

WRITE (IPT,59) AVE ?4S
IZT=IZT.1 AVE 246
GO TO I AVE 247

44 STOP AVE 248
C AVE 249

4' FORMAT (412) AVE 2 0

71)
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Tabl e 3. -A;.,-Conti nued

,, FOPMAT (6fX.F?.? ?jjA), )VF C;1

4A FORMAT (?fl*.1?A'..?A1.PX.T AV' 2',3

r, n FORMAT (IH I)AVE ? C
'-, FORM~AT (1Ho.jlX.S------------------------------------------------------------- AVE ,),

I------------------------------------------------------------- 1) Av ?r7
CFORMAT (I1)X.1?A4*?Al.1?A4.?AjI AVt ? )

q.I F rMA T (4w%. S PFG1N"IFu; DATE '4. 4X G',I I N.N/,I 'A ) .4I (FNFrI) I , n ATv F ?9
IF ' I .'/',?.'/'.I?') AV ? 0

1;4 FORMAT (i
H ) AVE ?'i-

c;, FORMAT (4 I ---- - - ------ - - - ----- - -------. --- - -- -A ---

IV.'------------------ --~.-- - ----------- I.Ix,'---- 9) AVjE ;'03
c F M AT ( 24X,91)FPTT (IF WFL LL' I% t AVc.Af-,

F  
I)FP'TH'.IX.'AV PA6E '-*:AN' IAVt ?',4

1 XIMAXTMU'4 IDEPTH' .X * ATI- I .X. S IM I '' mhm .PTH I,3X. )ATF /4 ';X. I LOAVL t h,
?W LANf *,X,,*' l A LFVFLthX, I-EL u LAj I ,IIXfHFL(W LAjH/14/ X.#SIjRFAAVE ?A6
lCFl96X.*FLFVATION' .4 * ,I'CU F'CF I IA . 1) FAC '

)  
AV E P,7

';7 FORMAT (?;X,' (NF(;ATIvF FPTH ,  
Aq. AR00 LS0)) )AVE ?0,

-PR FORMAT (IH.,RX.F . X. . . , 7XP ft:6 P .QxF'. ..X. A. , 4X I? A V E ? 09
I '.I P'/' ,.11 .F .24X.I ,'/' ,T.'/ X/7el. /19T '. /7 1 L(FF.?.' )'II KAVE ?7n
P' (FLFV V ,F..2. ' ) AVE ?71

CQ F PMAT ( P X,,,* ALL AVr .QAFS tPF TI4['4 T- w T C 4TT D 4 F - , A I(,,P,7IF PAVE ?7?

1LFVATTON O? )FPTH IS (-J'(A T) '4)Q.14,4 TH-CK Kill FLEVATIO', i r )P -T O AAVE ?73
PS AVATLARLF AT WFLL) ') AVE ?74

E ND VAI V 7C,-

71
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T ablIe 5.-

0* ", .

THIc PpflC-FAA (701MPUTFS FOTFN.T IAL Uipqawf Mlr F RX mRi T
F VAPO TP~ANSP I :-AT TriON AT T- 4F Aqf LPFn r F I fl T T-i " T T VL T

TAPI F F;)OmI TO 3) F)() T* THF 0 4()C.w 1

C-omPuTE - T~i;F H44.mnNIC-mFAN) r~-4-A A I C C ,,fn 1C T 7V I T Y FO' ()LAt F

r-((TH I KNFS*H~r) .CND .). I T A ',- W N, AQlr 51 A, iAjFS TI)~

LOC" OFPFrYDIN, ON CALCULATEn VALUES, ')F -AT A'!Ir TINP:T V~tIJF; OV
FXP.SUCTION. AN!) FY _ LTIAT. THIR- P OO-,AN Q
N(GARDNIFFP'S FXPOrNENT), A9~ 4\1)/?)TE")SION AT *-ICHl
IINSATOPATEr) HC./S;ATlJ.QATFD)iiC =*~ I/P) TO- (rAPUJTP VF; T[CAL FL'

AS A FUNTIOJ N OF r)FPTH. THF F tujC T I \ 1 0 E.

P I PL F F T Ai, wi5P 2fl14--A .

nCL Hr (1R I T (I L) ) r) . T ,F ( P loV~) L r L

FXP(1fl1 PTNAFY FTXFF;( 15,,FL . n N:v O I C -iL (,-1N, ILt :T Q )
ON FNflFILF (S~'SINI GO TO P1:
GEFT FILF(SYSIN) F51IT

(NHC, (IHC(I) DO .J=l TO N114

NHC - NijMRFQ OF HYr). COND. TO HF w Af (t.AxIml)m l
I - NJJmAFR QEFFPPING TO 4 ITHIfLo(;1lC TYPF. AY HF A- T4I! Y

C'HOSEFN WITHIN THF PANqGF OF lI-c..
HC(I) - HYO. CONO.(FT/O)AYI OiF L I T-i-) G IC T''ry I I.

(COL (1) J I(?)* ,SKIP (11,(NHCI (F ( 7) *F H)
(NEXP. (FYP(I V ,WCTIONj( I 50 1) I1 T0 'F XP)

NFXP K IIJMRFi. (MAXIMUM = f) )OF INPUT VA~IIF O'F

FXP ( II VAlLJ)F OF N COPPF ;Do!,in IN~(- TO SI CT I ON I
SU CT 0 1 V A L IJE O F (;I/ IF F FTI C r) Q)F P 0N f I ! T~ qX(

(FXP LIITT (II '0 1=1 TO N

FXP _LIMITITI - *)OPPw LImIT CF KI;1T FrflQ FX() im.-c'- 4F Vt II1F~

IS NFXD-l (MAx =C. F-L LmIT JAI_- miUl-T ~AP-v'mcFD u., A~zr'f~I
npnFP, ( (MAJl A NJF-)ST LA[AjPLAW4T ST T SIC P T I -- L :
A CnPpF' PoNDENCF R FT WE FN F w P ( 1 A N4 ) r X P IMIT (I w I IL I)wL
ALS;O RP COO)FI I N AS ClNF IN(- r(I)fiF ~'

PUlT FILF(S YS PINTl PrIT

r. I- C I T1 I f I 0I CNl - T * , f F T /I A Y I I t I TI

7h



Table 5.-APAimfFUiJX Pryogrxm 7 i(tinr-Continued

( I1?) ) A ) X (4 ,A C"IL (I ,. .I Y , ), r- 
(L)

( P (T < I v P I m l ;,'W T I Or, IT . 1

( (N ) , P CN) , i) V x ) .Y P - (0 1 7

,=F ( ' ~ ) 'r

( CU I ) * I ) *

(()I I Y .3 X ?IC
Ir I C Tl r) N 0. LIr

-I ? =IJCT T ( )N K

--3. 4 1qal(/ N*S, I '3. 41 lQ )

"F 31<l 2 F /TI _ 4 ,

0 T=] T' 3f ;

A= ( I? F L * N:

Fl) .I=I TI )C'f

XNflX xN/X N = X N':h /

XN2?=XNI/X.

X , = X N I0 .UI-- C x ,-XNl - ) / (N,;:X i-N]': 'I2) 1

I 0<(). TH F'' ;o.T-l}
CF < (N-- T (I T -

Fn r)

F ,n
K=

L~ = 1

PUT FILF (PUNCH) Fr) IT
( ( F[TF I [) -W' I =K .[_ ) s r

(rOL 1) F ( 7 * ( I) ,.S, ,,F ( 1) )
K=K .It;
K = K + I f)

F Nf :
F I[)r

A(,TFT FLF(YSI N) F n IT

(ELI- Nn.((.Cn(1),TH(j1 On I= T', 121
/*

wFLL NO - IF-LL Nr. *'-,.

LCn(I) - LTTHOLT, Ir-I - F ypp ON, F P F; -Ti- 7 T NT T U, L( '
TH ( T - T I Cw NF CR T IF T -4F 1I T j- T [ T 0 LW,.

T V ) ( ) A (4) , ] 2 (F 1 ) )) 4 1

IF T : T12 >).F I -i c,

0(I FiN ( I) 0 ( 1 T-4 12

IF T-IA >n T . IT ' 'CFSR Ai-Y I H ,4!,VF A VJC ' . f CAN

77
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TablIe 5.-.j/!UA ~ :t -Continued

RLANK) FOR LCD,TH.

(COL(1)13 (F(?)qF(4)));

THCTHK~n.;

DO 1=1 TO 25;

THICK=TH(I);

IF THICK<=O. THEN GO TO A?;

THK=THK+THICK;I
IF HYD-COND<=O. THEN DO;

PUT FILE(SYSPRINT) EDIT
('WELL NUMPER ',WELL-NO9', UNIT '919', CODE= ',LCD(I),
*, N4YDfALIC CONDUCTIVITY =0')

(PACEAqA(4)qAF(?)9Aq7(?)*A);
GO TO Al;
E NDr

THC=THC*THICK/HYD-_COND;
END;9

A?: KSAT=THK/THC;
no 1=1 TO NEXP-1;

IF KSAT<FXPLIMIT(I) THEN DO;
N=FXP (I ) ;
GO TO Cl;
ENID;

FND3
N=EXP(NFXP);

Cl:PUT FTLE(S;YSPRINT) EDIT
(*WELL NUMBER 09WELL-NO*'SATUPATED HYDRAULIC CONDUCTIVITY = ',tSAT9
IFT/nAY','GARDNFPI'S EXPONENT = 99N)
(PAGE, A, k(4) ,COL (1) ,AF (7,4) ,A COL (I),Ao F (?)
('DFPTH','TO'.'WATEP',' (FT) ',' ET/SHC ','FT(FT/DAY) ')

COL (1) ,X (1) .* X (4) ,A, X(4)e*A)
((I.EINF(NIl),KSAT*ETNF(NI) Do 1=1 TO 3n))
(30 (COL ( I) 9X(2)9F (?) -)X () F (8 -p ) X (c; ,F (895 ))
PUT F JLE(PUNCH) EDIT
(WELL NO9K'SAT ,KSAT9,THK, '* I)
(COL(1 )9A~(4) X(6) ,3 F(l'),5) X(6) ,A)
GO TO Al:
D1:ENn ETt
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CPOT I

c POT 4
C PoT S
C THIS PPOGRAM COMPUTES DAIL Y POTPNTIAL EVAPOTPANSPIRATIONs POT #,

c IN INCHES PEP DAY, USING. A MFTHD DEVELOPEP RY C. W. THOPNTHW4AITF.POT 7
c PRIMAPY INPUT IS DAILY MAXIMUM ANn MINIMUM ANO MONTHLY AVERAGF POT 04
C TEMPEPATUPF DATA FPOM WFATHER RUWFAIU STATION S. POT 9

cPOT 10
c POT 1 1

CPOT I?
COMMON/C?/IPD9IPT9IPCH POT 13
PEAL MINT C 1950)#M.AXT C APS0) POT 14
DIMENSION AMT(1?) ,PF(18$90C POT 15
ipn= 1 POT 16

I PCH-= 14 POT 17
IPT=6 POT 18

CPOT 19
C NqTAS=NUMBFR OF WFATHEP RLJREAU S TATIONS FOP WHICH POT FT IS7 COMPUTPOT 20
c POT ?I

PEAD (IPDol1) NSTAS POT ??
DO c; IJKLMN=1,NSTAS POT 23

C POT ?4
r AMT=AVEPAGE MONTHLY TEMPEPATUPE. IN DECPEES F POT ?S
r POT ?6

REAfl (IRO410) (A*T(J),J=IvI?I POT 27
C POT ?s
c HTI=THOPNTIHWAITE HFAT INDEX POT 29

CPOT 30
HT 1=0 * POT 31
DO 3 J=191? POT 3?
IF (AMT(J)-3?.) 1.192 POT 33

1 H1=0.0 POT 314
GO TO I POT 35
2HI=( CAMTCJ)-32.)/Q).)**1.9l4 POT 36

3 HTI=HTI.HI POT 37
r POT 38
c A=THORNTHWAITEIS EXPONENT POT 19
c POT 40

A=(6.7SE-07*(HTI*o3.fl-(7.71F-nl)*(HTI.*?.) C.(1.79E-0?*HTI1.4.9EF-OIPOT 41
PT1.*14160 POT 4?

C POT 43
C STALAT=STATION LATITUDE, AS A DECIMAL NUMRFQ. POT 44

CPOT 4 S
PEAO (TP099) STALAT POT 46

C POT 47
c AMP=AMPLITUDE OF SINE-WAVE VARIATION IN DAYLIGHT EACT()P POT 4P
C POT 49

AMP=C1.F6F-lC*(STALAT*3.H-(.087E-03*(TALAT**?.H,+(8.S17F-0?*STPDT Slo



Table P.PTA rogram lbs -;-,g-Continued

I AL AT) POT rsi

C POT cl?

C NYP=NtJMREP OF YEARS OF qTATION PECOWD FOP THF GIVFN c~rATION TO RE POT r,3

C ANALY7FD POT 54

C POT L5
PFAn (TPD.11) NYR POT r,6

r POT 57
C MO:TOTAL NUIARFI OF flAYS IN PFWIOD TO c4F PwROCFSS;Fn. POT ' A

C POT 1,q

r DSF=DAYS SINCE SPRING FQUINOX TO HF(,INNTN(; OF PECORO TO HF ANALYZVPOT AO

C (-AP0 OR-81 FOR JANUARY 1) POT 61

C PO0T (I?
READ (IRD.R) MD.DSF POT 63

C PO 1 64
r IYFAR=CALFNDAR YEAR FOR WHICH- POTENTIAL FT IS ComPt;TF) POT 6 c
C POT A6

PEAD (IRD97) TYFAP POT 67

CALL RFAOSO(MAXT,~oIRD( POT AR1
CALL PFADSO(MINTM4o, IRO) POT 0AP
PF SUm=n. POT 70

NO=MO-10 POT 71

DO 4 1=1.NO POT 7?
I. +3f POT 73

TSUM=mAXT (K) .MINT (K) POT 74

TFMP=(TSUm/?.-3?.)/1.P POT 75

IF )TFmP.LT.0.) TFMP=fl. POT 765
C POT 77
r DLF=DAY LEN(,TH FACTOR. THF P~ATIO OF HiOPS OF nayLIrHT TO IPOT 78

CPOT 79
DLF1.A((AP~1)*S~cP*(IUsFIw.,POT 90

UPF=.fl?1*(((10.*TFmP)/HTI)**A) POT Al

PF (I) =OPE*DLF POT A?

4 PFSUM=PFSUM+PE(!) POT A3

; C ON T I NUEI POT P4

WRITE (IPCH*6) (PF(I)oI=I.mO) POT k5

WRITE (IRT.12) PESO[M POT P6
STOP POT A7

C POT PR

A FORmAT (IIF7.4.3X.'PF') POT PQ

7 FOWM.AT (14) POT Q0

P FORMAT (14*F9.0) POT 91I

9 FORMAT (FR.';) POT 9?
Ifl FORMAT (i?FA.?) POT q1

I1I FORMAT (I1?) PO0T r44
I? FORMAT (1A.'PESOjm='.FiA.4) POT 9c,

FND POT qA-



Table 7.-Po-EE'' .- Conti nued

SUBROUTINE PEADSO(SOICNTIPD) PEA I

C PEA 3
C PEADSO INPUTS THE NUM9ER OF DAYS IN EACH MONTH AND MAX. AND MIN.PEA 4
C TEMPERATURES. PEA 5
C PEA 6
C **********.@****O***.*********.*.*..Oo.*..*...@**.*o*..... PEA 7

C PEA 8
DIMENSION SO(18SO),MDAY(I?),TEMP(1850) 9 IYR(IBSO) MON(I85O) PEA 9

1 IDAY(1850) PEA 10
C PEA 11
C MDAY(IO) -- ARRAY CONTAINING THE NUMREP OF DAYS IN EACH CALrNDAR PEA 12
C MONTH. PEA 13
C REA 14

READ (TD,9) (MDAY(IO)9IO=1912) PEA 15
I=0 PEA 16

C PEA 17
C IYRD -- CALENDAR YEAR PEA 18
C PEA 19
C IMOND -- CALENDAR MONTH PEA 20
c PEA ?I
C TEMP(J) -- TEMPERATURES FOR FIRST 10 DAYS OF MONTH. PEA 22
C PEA ?3

I READ (IRD,7) IYRDIMOND.(TEMP(J),J=.vf) PEA 24
IF (IMOND-2) 4,?94 PEA ?S

2 IXY=IYRD/4 PEA 26
IF ((IXY*4)-IYRD) 493.4 PEA 27

3 MDAY(?)=29 PEA 2A
4 ISTOPM=MDAY(IMOND) PEA ?9

C PEA 30
C TEMP(J) -- TEMPERATURES FOR DAY 11 TO END OF MONTH. REA 31
C PEA 32

READ (IRD9R) (TEMP(J)qJ=119ISTOPM) PEA 33
MDAY(2)=28 PEA 34
DO 9 J=ltISTOPM PEA 35
I=I'l PEA 36
IYR(I)=IYRD PEA 37
MON(I)=IMOND PEA 38
IOAY(I)=J PEA 39
SO(T)=TEMP(J) PEA 40

; CONTINUE PEA 41
IF (I-ICNT) 196,6 PEA 42

A CONTINUE PEA 43
RETURN PEA 44

C PEA 45
7 FORMAT (9X.?I2lX,10F6.?) REA 46
A FORMAT (14X10F6.?,/,14X911F6.) PEA 47
Q FORMAT (121?) PEA 48

END PEA 49-
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T abl e 9.-

C -i - ? (" 'F

r C TNr WPO 8T I CN A NO, Vv0 A, -~

pw*, p 'A v

T F~ I C- ,y ND F-F T (i P' VO-FK)5 INCP T -1 E-~ TN~ F I~ IV

MIL ';10. 2 V 1
C PPIMAPY INP;JT TS (r jF;oopr, I r- ; -IV\FQ- T AG A N -Iv Fw' ~IL A T A v 1 4

C IN -DnAY I N(CP4Em rJ T 1 -1 r- CALN 'E- -FbI4) F . ITH-iP m.Af,,'FTIC 7 A L -iv 1
C OP n I15 F T t-Ys Oq F 0 04 C A PDN NQC-'F L PV FL \ T-F I I A IT P NI V I V
C M I L F A W F L AD r) F4 0 C A ) ,. I V I I
r rHF PQ4(,PAk I NTF POOL aTRR 002()) -~T H T IM 'A aNDf PF *I L E Nf, v
c COMPUTFS1 I-D0A Y A VF -)A (, F P T H F ~T I p PF I r) 0F rr, n F P

T THF F I qcT P FCUP() P T F (iU T u T rsuA TA 1 FT T PL L S Y J - r A'4 Y ND ') v '
C LFVFLS, YOU HAVr PTVF, qTr u F 00 mH ' Y (, CJPRS I-s -v 2

C AVEPAGFIS Y011 rAVE. AND THF TI'AF INC F ' FN T IN [,A~. -v

C THF DA TA APF WPI TTFN tU NT(O A TA\ TIC RTDA'u VIOF 1v ;-

C UNrnpmATTPD. VAPIAPl-F-LFNGI vC(,TH~2

C -I 7
**INPlJT DATA **~y 2

T V 5

I ImON - PFG INN I Nr UAN T: 14 v
C IDAy - InAY - I-= DAY rS F I wS T 1 ~A' y vF2C-I T.)T -v

c TYFAW F;-INNINri YVAQ -V )

r ICNT -NtimFw 5F DAYS; P ;7 wI o( p- 1) V''(VN,

C-Iv Q

C NSA -P Au~ Y OFL 1N- NUC-' L V V L '~-v

C j - A Q A Y HnL f)IN N(; DIvE LVL T- l 7 -I.D14

C I lLM - NI(mP~w -) C () P0F rP) N F) I ( -I VO 7 V T AS, rl IV P RT AU. F Afv 44I
C- P T~kF S TFP 114 T'-4 1%i "a A ~T~ .i ~

c IqTAPT - SF)(I'iNC %'pmvFCa0 Y' (A T T V Is-I1 T 'Ar T-~ 7'~- w-Iv
C (7)-PIjTA T flN To "; ((,Ir .
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Table 9.-RIVCHANGE program Zzstina-Continued

CTo QEGIN. Ply ~1
c Ply q~?

C I TE NF - SF DUE NCF NUjm8FP OF 0)AY IN I NPUT D AT a SF T 'w'FP IN TFWotnAT IP IV '3
C TO END. PIy r,4

C Ply 1; r
C DUMMY - nATF ON 1IjPuT DATA SET. wTv c;
c PIy ri

C DAY - cSEUUFNCE NUMAR ON INPUT DATA SFT (Mu1LTIPJLES O)F FIVF). PIy C A
C wly 1;9
C GMM - ARRAY HOLDINrG RTVFP M4ILES OIN INPUT OATA ',FT. PIV AM
r PIV O
c FFL - ARRAY HOLDING RIVFP STAGFS COPPFSPONnIN, TO R1I7W MIt1rS ON kl I ?6
c INPUT DATA SEFT. Ply A3
C Ply A4
C OUTPUT nATA * Ply 6if
r Ply 0
c NSTACE -NIju#4FP OF NOOF LFVFLS. PIV 6~7

CPTV 11
C NOSET -NIJMPFP OF GWOIJPq OF 10-DAY A4fPA(,FS PFCoPD)- YOU PIV 49

C HAVF IN OUTPUT DATA SFT. Ply 70
C P I 7]
C NDAYS -TIME INCRFMFNT RIV 7?

C PIV 73
C IMON*TnAY*IYFAP - MONTH94 DAY. AND YFAQ. FACH4 OijTPUT PPCC)P) IS PIV 74

C DATED. Ply 7 c,
C PJV 7A

r J - SEDIJENCE NtUMRFP OF FAC,1 PECOPD IN OliTPIuT D)ATA SE.T. PIV 77
C PIV 79

C Ij - ARRAY HOLDING NODE LFVFLS IN OUjTPUJT DATA SPT. PIV 79

c Ply A~f f
C H - ARRAY HOLDING PIvEp-SrAGE VALUrS CO PFqPON0INr TO Nf)DE LEVFLCS PTV Qj

C IN OUTPOT DATA SET. PIv AP
C ~IV A3
C ~ ~IA4

C IV A co
D IMFN I ON I j(? 0 n) P"(? n 0) * H (2?f0) *(;HS'P.?u 0) 9GMA( --f) F I-.(q P1 A6
D I MF.N SION j 0A Y f ?G M M 1).FFL I n.r?). 1 KIKOy (I Ply A7
DATA JDY~,P3.3.1.03 3 3,~/Pjy AR
DATA GH/l00fl0*'./ Ply AQ

I PD~s Pl I 3
I TP~ 10 Pl Q1
I DA=Q w Iy q?
IPT=F,( 4'
READ (TPD*19) I"DN91DAY.TWEAR 1V Q4
IF (mOD(IYFAP.4) *F0.0) Jr'uAf(?)=?q Wly co L;
READ (TPO,19) ICNT*NDAYS.NSTAGF Wly 96
EAr) (TPD*20) (Ij(T) .M(l I)*1=1NSTA(;F) ply 97
READ (YPD*?4) 11M cdiv 9A
REAn (IT'D.?4) ISTAPT WI Q9

REAt) fIRD.?4) IREqN*IEN[D w I bIof
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Table 9.-RIVCIANGE proorcrl Zisti ng-Continued

1 READ (ITP921) DUMMY RIV 101
READ (ITP,25) DAY RIV 102
11 DAY=DAY RIV 103
RFAn (TTP*?A) (GMM(I) ,EEL(I91) .IlIUM) RTV 104
IF (I1DAY.NE.IREGN) GO TO 1 RIV J05
JZznl RIV 106
1 7=0 PIV 107
DO 2 J=191UM PIV 108
IF (GMM(J).GE.RN(1).AND.IZ.F0O) 1Z=J1 RIV 109
IF (GMmCJ).GE.RM(NSTAGE).AND).JZ.EQ.0) JZ~j RIV 110

? CONTINUE PIV I11II
NUM=0 RIV 112
DO 3 I=IZoJ? RIV 113
NUM=NUMd. RIV 114
GM(NUMI =GMM4(I) RIV 115

3 EL(NUM,1)=EEL(I1) Ply 116
CDAYS=ISTART-I IDAY RIV 117
IXIN=ISTART RIV 11e
IS=ISTART/1 0 Ply 119

4 READ (TTP*21) DUMMY RIV 120
C WRTTE(IPT9201)DUMMY RIV 121

READ (ITP925) nAY RIV 122
C WRITE(IPT9 30)DAY RIV 123

READ (ITP927) (EEL(I,2)',1=19UM) RIV 124
N7=!Z RJV 125
DO SJ=1,NUM RIV 126
EL (J.2) 2EL (NZ,2) RIV 127

6; N!=NZ.1 PIy 128
c WRITE(IPT9 3OH(EL(1,2)9I=19NUM) Ply 129

I ?DAY=DAY RIV 130
IX=T2DAY-TIDAY RIV 131
ID1=TIDAY.1 RIV 132
IF (Inl.LT.ISTART) ID1=TSTART RIV 133
DO 6 J=IDII2DAY Ply 134
JJ=J-I IDAY Ply 135
JTH= CJ-ISTART) /10.IS Ply 136
DO 6 1=19NUM PIV 137
nFL=(EL(I,2)-FL(I,1))/IX PIV 138

6 GM T.JTH) =EL (1,1) ,DEL*JJ.GH (I JTH) RIV 139
DO 7 1=19NUM PIV 140

7 ELfI91)=EL(I*2) Ply 141
I1DAY=12DAY Ply 142
IF (DAY-lEND) 49898 PlY 143

a on 9 T=1950 Ply 144
On 9 J=19200 PlY 145

9 GM(rJ)=GM(IqJ)/10. PTV 146
NGSFT=YCNT/NDAYS PIy 147
WRITE (IDA) NSTAGE9NQSETNDAYS Ply 148
WRITE (IPT928) NSTAGE*NGSETNDAYS Ply 149
ISTATH=ISTAPT/10 Ply 150
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Table 9.-RIVCHANGE oroarcmr 7is,8 ir--Contilued

DO 17 J=ISTATMJTH PlV 151
D0 13 I=19NSTAGE PlV 152

D0 10 K=19NUM RIV 153

IF (RM(T).GE.GM(K)) GO TO 10 Ply 154

GO1 TO 11 ply 155

10 CONTINJFPl S

K=NUM PlV 157

GO TO 12 PlV 158

11 IF (KaFO.1) GO TO 12 PlV 159

KS=K-l PlV 160

H(I'P=(RM(I)-GM(KS) )/(GM(KS,1)-GMCKS)) .GHKS1J)-GH(KSJ) ).GM(KSRIV 161

I J) PlV 162

GO TO 13 PTV 163

12 H(I)=GH(KJ) Ply 164

13 CONTINUE Ply 165

IfAYIDAY10 Ply 166
IF CIfAYLE.JOAY(IMON)) G0 O 1 Ply 167
IDAYcinAY-JDAY (IMON) Ply 168

IMONzIMON*1 Ply 169

IF (IMON.LE.12) GO TO 16 Ply 170

IYEAR=IYEAR+1 RlY 172

IF (MOO(IYEAR.4)) 15,14,15 Ply 173

14 JDAY(2)=29 PIV 174

GO TO 16 Ply 175

15 JDAY(2)z28 Ply 176

16 WRITE (IDA) IMON91OAY91YEAP Ply 177

WRITE (IPT922) IMON,1DAY91YEAR PIY 178

WPITE (IDA) J Ply 179

wRItE CIPro?9i i ply ]s0
WRITE (IDA) (IJ(I) ,M(I) ,I=1,NSTAGE) Ply 181

WRITE (IPT923) (IJ(I) ,H(I) ,IzlNSTAGE) RIV 182

I7 CONTINUE Ply 183

STOP PlY 184

r PlV 185

18 FORMAT (312) Ply 186

1Q FORMAT (1615) PlY 187

20 FORM4AT (8(149F6@I)) PlY 188

21 FORMAT (20A4) Ply 199

?? FORMAT (IX9I2,'/',21921 plV 190

23 FORMAT f7(X914I4,X9F6o?)) ply 191

?4 FORMAT (215) Ply 192

25 FORMAT (F1003) RlY 193

26 FORMAT (SF10.3) Ply 194

?7 FORMAT (4IEIO31J Ply 196

2P FORMAT f1E,51S)Pl19
79 FORMAT (1X*ISl Ply 197

END Ply 198-
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Table 1I I .': j1VLrp.~ "

r T I ?
r -- Tw1*JCHANd, -- T-41 3

r IN TFi.PL AT ION P4)O(;W A 04 T LJ1 4

C IFOP T'14UTAPY STP' A%0m) 7,4
r TL41

C *.*****0000*0000**.*0.000..000*00*tg 7
r Ti-I p

c THT4S PRO(,QAu 0WOVTOF S 1 ('-Vi y-AVF PA(.c -ST A.!) A TA T PI Q
C rOPwE S;PnNOn ; To 'cPFCTC I I C LFFEL~ q #:[P T.IJwlnAL, y .- 4 ~ T-1 I 1
r IN THE ARElA. I l 1 1

c I 0-OA Y-AVt RA(;F OAT A Fol (, lF F~ -tjT I's T~' TI IFS ~ ACH- H- I
c 1;7PF Am ARF 'JEAn . 1NYTF P01 A TION F ' r) 11,T A Nr P U, )',vmFr f-i TW
r IN ORInFW To nE TFPM INE STA~fS 'FO PAJT I C(( (%w NOI -. I' 14

C OUTPUT I', WWITTFN ON MA(GNFTIr fq FjIt TO 04 NC *'y THPI P,~

r '4ODFLINr. PROGWA'4. T' W lI#

rC 1 1
r *****000000000000*0~0*.4 *40 0 0 4.*f*** 1 *L41I lA I

r C1

c T- ?O

r 00- INPUT DATA 00 w~ 21

r Ti I ?

C DUhM - T ITL F H A') ING FOP PQ)IFs T fi 3T P1 I T. TP1
r T7. 24

C PJT5JM5 - Ni)4kf W OF T PI PI IT A WY A 4 J1'J. TPf 2

C T- W #.1

r N 0A TA N Nui~ O RnF I ( 0- f)A yAV hF WArE A f I f N 4T~ f( W 1) f- o ~Ci .T P- A' I ? 27
C T- 4 1

r NAVF -NUMRF 4 OF I O-fAY AVE QJA(f 14 C'JS TO L4 I k, (I I T * .- T k
r T- 141 (
C NTT -, T O T )T AL N I(J m A O 0F NO0U)F 1 TO n~ AST F A 1, r 'F A-A cRT A(F . TWI -4

TC HI 3?
c -- PFPFT!TIVF FOP EACH STP Am -- Tm I 3

C T-4 1 4

c NCACF - N1IUNE P O)F (AGFS 1;N ST'F Am . H.- I lc
C T -jI I O
r N cT AGF - NiImH F P OF NO0OFVS A PP LIC A RI F TO T.-l- -Tw Am. TQI 17

C ioy *
c GFL -FLFVATION OF (,A(,F. ml 1 1

C T0 w d f

r ~ t S T QF aM m IIF 'iF U A rF . T 4~ 1

r T- w 1
r -? APPA Y HOLr)I N, 10-1 A Y -A VF QACE 1 ST PIN A ST Ai, 701 . TW

C I J A QPA HOL nI N. NO:W F Vv FL T L

C -M AQP AY HOL 0 1Nr. c;T WF AM M II '. C ()w w FSI( 7' 1 %C T 1) tVH I. Iw1 4 7

c *0* OUTPUT nATA T*0 To1 'P

r T6 I c



Table ll.-TZ$WBCHAMNGE vrcramr 'sting-Continued

Dil~m- TITLE HEAnING (IN PWIN7 ONLY). T'-I I
r T. i- 11?
c NSTOT -TOTAL NUJP4FP OF NO10S. T'WI r,3

r T 4I1r S4
c NAVF NUOAPFP OF In-DAY-AVVACF WFrOwflS, IN ruTPill (P-4TNT ONl.Y). T4 I C 4
r TQI C1
c Li APPAY HOLDINr, ALL NWr)FS. TI 1,7

C 7 w I L,
r K -SFOIJENCE NIJM~iFk FOP EACH WFCOP') wJ1 TTFP'. TWI L; C
c TQ I ~0
C H -APPAY HOLDING~ STRFAM-rTACF VALLJFc C-OPWFS-P0NfQN(; T. cP CIFIED Toil "I
C NOnE LFVEL9 AND ST'PFAM MILES. T4I A?

C TPI k 3

c TWI 0 C

DIMENSION (.N(7q3o0) .*I~j(-io) oA03n,) , 4(?Oj Ilk?) 5~M(7) '4 (7) TQI 6

DATA Ir/C/,I0A/?/*IPT/ / TWI 69
PE AD (IPD*Q) Oh1M TWI 70
READ (TPOqIo) KICTPMSNnATA TWI 71
PFAn (IPO9I0) NAVF.NSTOT TqI 7?
TTT=O T7" w 1
00 7 T;=I.N;Twkuq T;41 74.
PEAD (TPD.Ifl) NCArFS.*NCTAG T'.I 76

00 1= I0lNCACES TWI 701.
94FAD (TPD*II) CEL(1)9GN4(1) T4I 77
REAO ( TRO.j I ) (M7H (I 9J) 9,1=1 ,NIDATA T; 1~ 7 A

I CONTIN1E TWI 79
TTTTT.I TII go0
ITT=ITTT.NSTAGF T6I R1
PE AD (Ipn~l?) C IJ(I .Qm( I) .I=IT.I TI) T-41 R?
0O A J1.*NAVE TW~I Q3

00 c. I=IT.ITT TN] A~4

00 P K=I 9IGAGES TWI Q 6
IF (PMtAE.GE.GM(K)) GO TO P WI A 6
GO TO I T QI A 7

P CON~T I NlF TI Ap
K=NC.AC.FS TWI 99
Go TO 4 TPI Q0

I I F (K.FO .I) GO TO ; TwI Q I
KS:=K-1 T-I q?

ISc#I -rFL (KS))CEL (KSc*,H ( KvsJ) T;-'1 4
S O TO t TWI qcl

4 IF (Pu ( I)GATGM (K) 6O TO TWI Qh
H ( I *J)=GH(K*JI .GFL(K T 1~ (47

CCONTIN1EF TWI QP
A CONTIN11E TWI 99
7 CONTINtF TwlI jrO
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Table 1.-TRIBCHANGE rorrntvg- ntue

WRITE (IPT,13) DUM TRI 101
WRITE (IPT914) NSTOTvNAVE TRI 102
WRITE (IDA) NSTOT TRI 103
WRITE (IDA) (IJ(I),I=1,NSTOT) TRI 104
WRITE (IPT914) NSTOT TRI 105
WRITE (IPTIS) (I.J(I)91I*NSTOT) TRI 106
K=9 TRI 107
DO 1 J=19NAVE TRI 108
WRITE (IPT*14) K TRI 109
WRITE (IDA) K TRI 110
WRITE (IPT916) (IJ(I .Iq(I.J) ,I=1,NSTOT) TRI III
WRITE (IDA) (IJ(I) 9M(I9J)*I=1.NSTOT) TRI 112
K=K'1 TRI 113

8 CONTINUE TRI 114
STOP TRI 119,

TRI 116
9 FORMAT (20A4) TRI 117

1o FORMAT (21S) TRI 118
11 FORMAT (1SFS.2) TRI 119
I? FORMAT (8(149F6.1)) TRI 120
13 FORMAT (1X920A4) TRI 121
14 FORMAT (IX,215) TRI 122
15 FORMAT (2OIX914n) TRI 1?3
16 FORMAT (I0(IX914,1X9F6.1)) TPI 124

END TRY 125-
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ATTACHMENT F

DELETDELH Program
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Table 13.-DE'LETDELJ! proqrar-m Zi-st-inp

nFLET:,* ***~****-**s********,

OELTAtIT / )ELTAH

rH r; PQL)GPA4 COMP(TF s 'hL T a F T L rLTA US I v(-
THE PTOPLF FIiNCT TONAt

PROrEODUwF OPTTONS(m'A TN);

ON FNnFT IF(SYS IN) GO TO FN I I

£PEAf VALUES OF ET/SA T.MHYi.CON)). FOP~ 2rPPTc r)F I TO Ci
FET ARO\/F THE wATFQ TARIF FOD FO~jP N VFEiT ICAL

HY(ThAtLIC CoNr)UC TI TTY,

GET FTLF(SYS1N) FO)Il ET) (COI.(1) .10 F(7*k) ,X p():

PFAn DATA FOP INDIVIDUAL- O~SH-VtATIO~l wFLL, - TO. NUA-FP.
VERTICAL HYDPAU.LIC CONDUCTIVITY FO'P m.ATFPI AL ";(OM' LA%!f ';LIpFZ~C
TO THF WATEP T.AOLE ANI) FPOM THE wATR: TAILF Tfo TOP ')F TH;F
AQUIFER. THICKNS FPOM LAtfl ';UPFACIF To TrW of: ACuTFEP,
AND AVEPAGE OF.PTH Tfl wATFP.

4 F (10 ))
IF HC'J<.n4 THEN 00;

IF HCU<.004 THEN IFXP=P;
ELSE IFXPt3;

FLSE 00:
IF HCUL<.4 THFN IFXP=4:
ELSE IFXP=-i

X9F9F = n

On 1=1 TO 3n:
F 9F = 0

J=T
AI: IF J>30l THEN ETO=O.:

FLSE E TO=HCUj*ET (I F )P J)
IF THICK>Y THENi -0:

FLOW=HCL*(Y-X)/(TP4Irx-YH;
IF ETO>FLOt, THFtN r)Q;

F=FLOW:

',O TO1A1



T ablIe 13. -. E''U :utx~rMvi i -Conti nued

E NO
ELSE DO:I

G=E-F-ETO*FLOW;
IF G>0. THFN GWETO()F(F-ETO)*(E-F)/G;
ELSE GwETO(I)=n.;
Go To AP;

ENO
END:

ELSE DO:
IF F>.0000005 THEN DO;

EETO=E-ETO!
EHYT=FTOHCL#EFTO*(Y-THICK);
!Y=(ST(EHYT*?+4*HCL*(THCKX)*EETO)-FHYT)
/(,.*EFTO);
(WFTO(I)=FTOETO*(YTHICK+DY)%
END;

ELSE GWETO(!)=FTO;
FND I

A?: IF CWETO(I)).0On8?2 THEN GWETO(T)=.0OR??9
ENO:

J=DTW. .91
no i=1 TO 30;
IF )<=l THEN GWETOJ=GWETO(l);
IF J>30 THEN GWETOJ=Oe.
IF J>I&J<=3O THEN GWETOJ=GWFTO(J);
IF 1-=,J THEN DET(I)=(GWFTO(I)-GWETOJ)/(J-I);
FLSF Dot

IF J:1 THEN nET(I)=GWETO(l)-GWETO(?)1
IF J>1&Jc30 THEN DFT(I)=(GWETO(J1I)-GWETO(J41))/?.;
IF J=30 THEN nET(I)=r7WFTO(?9)-GWFTO(30);

ENr)
ENDI

PUT FTLF(SYSPPINT) FDIT(WFLLNOggHCU= #9HCU,'HCL= ',HCL9

IAVE. DTW = 1,DTWITHICKNESS= ',THICKs
IDTWCFT) ET(FT/DAY) DET/DH(I/DAY)99
(!,GWFTO(I).DET(T) DO 1=1 TO 30))

30 (C)L(r,) F(?) ,X(3 ,F(l0,*7) ,X9 ,F(10,7) )) I

Gn TO INII
FNDI:END DELFTS
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329
HCU= 0.02000
HCL= 0.00500
AVE* 0TW = 3,00000
THICKNESS= 14.00000

OTW(FT) ET(FT/DAY) DET/DH(1/DAY)
1 0.0021079 0.0002980
2 0.0017863 0.0002745
3 0.0015119 0.0002880
4 0.0012104 0.0003014
5 0.0009873 0.0002623
6 0.0007551 0,0002523
7 0.0005939 0.0002295
8 0.0004560 0.0002112
9 0.0003467 0.0001942

10 0.0002647 0.0001782
11 0.0002044 0.0001634
12 0.0001601 0.0001502
13 0.0001266 0.0001385
14 0.0001020 0.0001282
15 0.0000832 0.0001191
16 0.0000686 0.0001110
17 0.0000572 0.0001039
18 0.0000482 0.0000976
19 0,0000410 0.0000919
20 0.0000352 0.0000869
21 0.0000304 0*0000823
22 0.0000264 0.0000782
23 0.0000232 0.0000744
24 0.0000204 0.0000710
25 0.0000180 0.0000679
26 0.0000160 0.0000650
27 0.0000144 0*0000624
28 0.00001L8 0.0000600
29 0.0000116 0.0000577
30 0.0000104 0.0000556

Figure 29.--Example of output from DELETDELH program.
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